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V splošnem je lahko nek strojni del vgrajen v avtomobile različnih avtomobilskih proiz-
vajalcev, pri tem pa so uporabljeni različni povezovalni elementi in nosilna struktura.
To pomeni, da bodo kljub enakemu izvoru vibracij (motor, menjalnik, ...), dinamske
lastnosti celotnega sistema pri istih obratovalnih pogojih popolnoma različne.
Za zagotovitev ustreznega zvočnega oz. akustičnega udobja, katerega zahteve s pri-
hodom električnih vozil in avtonomne vožnje postajajo vse vǐsje, je potrebno znati
dobro popisati dinamske lastnosti vibracijskih izvorov.
V tem magistrskem delu sta predstavljeni in preizkušeni metoda blokiranih sil in
metoda točkovne pomičnosti vibracijskega izvora, obe namenjeni karakterizaciji vi-
bracijskih izvorov s pomočjo meritev na lokaciji realnega sistema.
Največja prednost omenjenih metod pred obstoječimi je, da lahko neodvisne lastnosti
izvora vibracij pridobimo kar iz meritev na lokaciji, opravljenih na celotnem sistemu
(izvor + prejemnik vibracij) in razstavljanje sistema ni potrebno.
Metoda točkovne pomičnosti omogoča izračun neodvisnih pasivnih dinamskih lasnosti
v obliki frekvenčne prenosne funkcije (pomičnost) tako za izvor, kot tudi za prejemnik
vibracij v njunih kontaktnih točkah.
ix
Nasprotno pa metoda blokiranih sil ponuja možnost izračuna neodvisnih aktivnih di-
namskih lastnosti izvora vibracij, t.i. blokiranih sil, torej lastnosti, ki jih izvor ima
v času obratovanja. Lastnost blokiranih sil je, da pri določenih obratovalnih pogojih
ostajajo enake, tudi če na izvor vibracij pritrdimo drugo sprejemno strukturo.
Pri tem je potrebno poudariti. da se beseda ”neodvisen” nanaša na lastnost in pomeni,
da je le-ta enaka, kot če bi bila izmerjena neposredno na izvorni oz. prejemni strukturi
in ne v sestavu.
Metodi sta preizkušeni numerično ter z eksperimentom v laboratoriju, na sistemu dveh
nosilcev, povezanih z gumenim kot tudi z jeklenim oz. aluminijastim vmesnikom.
Numerični preizkus je izveden v programu za analizo z metodo končnih elementov. V
začetni fazi so simulacije izvedene z 1D končnimi elementi (nosilec, vzmet) z namenom,
da se izniči efekt velikosti kontaktnih površin in mase povezovalnega elementa. V
nadaljevanju so simulacije izvedene s 3D končnimi elementi, kjer se preveri tudi vpliv
velikosti kontaktne površine, togosti povezovalnega elementa, števila kontaktnih točk
in delovanje metode končnih razlik, ki je uporabljena za izračun frekvenčnih prenosnih
funkcij.
Obsežen del naloge je namenjen tudi raziskavi vpliva rotacijskih prostostnih stopenj
na izračun blokiranih sil oziroma točkovne pomičnosti vibracijskega izvora. Izkaže se,
da je vpliv rotacijskih prostostnih stopenj na izračun blokiranih sil izredno pomem-
ben, še posebej v primerih, kjer izvor in prejemnik vibracij povezuje toga struktura.
Metoda je namreč razvita za točke in točkovne povezave, kar pa v realnem svetu ni
mogoče, saj vedno upravljamo s površino, pa čeprav je le-ta še tako majhna. V primeru
površin, obratovalne sile na neki oddaljenosti od sredinske - privzete kontaktne točke
tvorijo obratovalne momente, ki pa ne smejo biti zanemarjeni, v kolikor želimo natančen
izračun in veljavne rezultate.
Kot že zapisano, metodi temeljita na izračunu blokiranih sil oziroma točkovne pomičnosti
v točki na izvoru vibracij, kjer je le-ta povezan z prejemno strukturo. Ta točka je v
večini primerov nedostopna saj leži na kontaktni površini in zatorej vzbujanje struk-
ture oz. merjenje odziva tam ni mogoče. S tem razlogom je v tem magistrskem delu
uporabljena metoda končnih razlik, ki obenem omogoča tudi relativno enostavno vzbu-
janje strukture in merjenje odziva v rotacijskih prostostnih stopnjah.
V nalogi je teoretično in eksperimentalno prikazano, da neodvisne pasivne ali aktivne
lastnosti vibracijskega izvora lahko pridobimo iz meritev na lokaciji. Pri tem se metoda
blokiranih sil izkaže za zelo obetavno, saj za sistem nosilcev omogoča natančen izračun
blokiranih sil in njihovo nadaljno uporabo za predvidevanje odziva sistema s spre-
menjenim prejemnikom vibracij. V primeru prožnih povezovalnih struktur zadostuje
uporaba in merjenje le v smeri translatornih prostostnih stopnj, v kolikor pa je vmesnik
tog, je za natančen rezultat potrebno vključiti tudi rotacijske prostostne stopnje.
Metoda točkovne pomičnosti se izkaže za manj verodostojno, saj so v procesu razvoja
uporabljene določene predpostavke in poenostavitve, ki pa se izkažejo za nepravilne v
primerih, ko izvor vibracij in prejemnik povezuje tog vmesnik, katerega masa v primer-
javi z maso celotnega sestava ni zanemarljiva. Metoda je smislena za uporabo in daje
relativno dobre rezultate v primerih, ko izvor in prejemnik vibracij povezuje manǰse















rotational degrees of freedom
In general, one machine part can be used by different automotive manufacturers, where
mounted by diverse resilient mounts and attached to different supporting structures.
That means, the dynamic properties of each system containing a vibration source
(engine, gearbox, . . . ) and receiver (chassis) will differ considerably from each another.
In this Master’s thesis a relatively new In-situ blocked force method and In-situ source
mobility method, for characterization of vibration sources from in-situ measurement,
are described and tested. The main advantage of these methods is ability to get an
independent source property from measurement executed on source-receiver assembly
in installed condition.
The methods are checked numerically as well as in the lab, with experiment on a real
system that consists by two straight beams, connected once by rubber and also by steel
or aluminium element.
It is shown that active and passive independent source properties can be obtained from
in-situ measurement. Especially the blocked force method was found very promising as
it enables, for the source-receiver beam system, to calculate accurate blocked forces and
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Technology in automotive industry is developing rapidly. Beside electric and hybrid ve-
hicles, autonomous driving, intelligent safety systems also demands for vehicle’s acous-
tic behaviour are getting stronger and stronger.
In a complex system with many different subsystems such as a car, gearbox or steering
system, vibro-acoustic phenomena can appear as a consequence of vibration source
operating.
Figure 1.1: Demonstration of source (steering and gearbox) and receiver (chassis,
interior) structure in a car.
In general, there are many kinds of vibration sources in the vehicle causing noise and
one of most problematic issues is characterization of those sources. Nowadays few
acceptable methods for proper characterization of the dynamic system and it’s con-
stituent parts are known.
In ZF, most common way is to use Transfer Path Analysis (TPA) techniques. TPA
is ordinarily test-based procedure, which provides us with information about vibro-
acoustic energy flow from a source of vibration to the chosen receiver structure [1].
Its main purpose is to estimate each component contribution along vibration transfer
path from a source to a receiver. Despite the fact that this method is relatively re-
liable and normally provides us with good results, it is often difficult to execute and
time consuming as measurements on complete assembly and individual components
are required. The biggest disadvantage of TPA is however that a vibration source is
not independently characterized, but is always depending on a receiver structure and
is described in the form of sound pressure or response in some receiver point.
1
1. Introduction
With intent to avoid this requirements and to make dynamic characterization of a
source independent, easier, faster and even more accurate we focused our interests in
the new method for characterization of vibration sources, where only in-situ measure-
ments are required. On the contrary to TPA, source and receiver are attached as in
real operation, no dismantling is needed and there is also no need to establish free-free
or fixed boundary conditions.
The basis and the “red line” of my research was a PhD Thesis titled “Characterisation
of structure borne sources in-situ” written by Dr. Andrew Elliott at University of Sal-
ford in United Kingdom in 2009 [2].
In first chapters of this thesis basic theory and experimental methods are described, to
set the ground knowledge for the following work. Further research is than divided into
two parts; one part describing calculation of the independent mobility property from
in-situ measurement and the other describing calculation of blocked forces and their use
in case of velocity prediction. Both parts include simulation and experimental research.
1.1. Goals and objectives
The main goal of this research is to find out, if independent data for vibration source
characterization in terms of mobilities or blocked forces can be obtained from in-situ
measurement. If so, it has to be defined and evaluated if this method would be suit-
able for practical use in typical ZF applications and generally in other vibro-acoustic
industrial problems.
Further on, a method for response prediction at any random point on receiver structure
by the use of calculated blocked forces is applied and tested in practice.
Both, theoretical and practical feasibility of methods are to be proven, part of which
is also proving the independence of obtained source characterization data.
For each approach of independent source characterization two different types of con-
nection structures are investigated - rigid and resilient linking element.
To build the knowledge ”bottom - up” and to properly understand the method princi-
ples the practical part of this research is firstly done with simple - ideal simulations in
finite element environment with only one connection point and one degree of freedom
(DOF). The complexity is raised step by step with adding connections and degrees of
freedom.
Many different effects on source characterization as boundary conditions, stiffness and
mass of linking element, size of connection area, number of connecting points, in-
troduction of remote points have to be checked by simulations and also by practical
experiments to identify as many potential problems as possible.
Significant part of this work also covers a research about reasonable number of DOF
used when performing in-situ measurements, as up to now only translational degrees
of freedom were used in ZF when working with TPA.
2
2. Theoretical background
Chapters 2.1. - 2.7. are in majority collected and recapitulated from [2], pages 2 - 27.
2.1. Structure borne sound
Almost all of the sound that reaches our ears, originates from or is transmitted through
vibrating solid structures and is therefore called structure-borne sound. [3].
Structure borne sound can be also described as a noise, radiated by a passive receiver
structure when it is mechanically connected to a source of vibration [2].
Basically the origin point of a structure borne sound is somewhere within a source
and is caused by internal forces, which makes this structure active. In the meantime
the transfer of vibrations occurs at the connection points between source and receiver,
therefore the structure borne sound is practically a consequence of forces acting on a
receiver structure, generated by the active source.
Figure 2.1: Structure and air borne sound [1]
Noise issues in vehicles have been relevant factor of development for many years and
it still remains so. Moreover, with arrival of E-mobility and autonomous driving, the
acoustic comfort in passenger’s cabin will become even more important, as cars will
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get another role in everyday life. People will not have to pay attention to traffic, so
they will become more sensitive to the noise surrounding them.
2.2. Source characterization
We distinguish between tree types of sound origin - air, structure and fluid borne sound.
Their contribution to the global noise differs from case to case and acoustic engineer’s
job is to find out which transmission path contributes the most. If structure borne
sound will be found to have the most significant contribution, a method for it’s quan-
tification will be required [2].
Structure borne sound source characterization has been and still is a matter of many
debates and researches as there are many different ways of understanding and therefore
also many different approaches to solve a source characterization problem [4] [5] [6].
The common point of all those approaches is to find a suitable way for independent
source characterization with simplifications made where possible and when appropri-
ate. The most commonly used method is TPA, explicitly Inverse Force Synthesis. It
was shown that this method is useful for solving complex structure borne sound prob-
lems but still has some issues as the contact operational forces used to characterize a
source are not independent source property (they differ for every specific problem) and
cannot be used to predict source behaviour in connection with different receiver.
Another disadvantage of the method is that it requires measurements on coupled as-
sembly as well as on uncoupled receiver structure and that takes a lot of time and
additional effort.
From the independent source characterization point of view, usage of mobility or
impedance method is more appropriate. Using this approach, a source will be charac-
terized independently by making independent measurements of a source property. With
use of free boundary conditions the free mobility and free velocity may be used to pro-
vide structural and active properties of a source. On the other hand, the impedance
and the blocked force can be used to describe source properties with respect to a fixed
boundary condition [2].
Despite the fact that those two approaches in theory enable to predict a source be-
haviour in any environment that has been suitably defined and may therefore appear
ideal, in reality they are not that easy to apply. The biggest obstacle is the reproduction
of free-free or blocked (fixed) boundary conditions which are required for characteri-
zation measurements. Therefore an introduction of in-situ measurement method will
pose a significant advantage and improvement as there is no need to establish any
special boundary conditions or modify the assembly in any other way.
2.3. In-situ measurement
Expression ”in-situ” means ”on site” or ”in place” and therefore in-situ measurements
are those made while a source and a receiver are attached as in real operation. The
main advantage of this method is that no dismantling of assembly is needed. Since all
measurements are performed in coupled situation, it is also possible to clarify the nature
4
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of a source and receiver coupling and damping [2]. During this work it will be mainly
dealt with passive structure properties which require hammer (impact) measurements.
Only by obtaining source blocked forces, measuring of operational velocities will be
required.
2.4. Frequency response function
Dynamic properties and equations in this thesis are described in frequency domain as
it is usual for majority of structure borne sound problems.
Input OutputFRF
A(ω) H(ω) B(ω)
Figure 2.2: Input - output relation of a linear system.
In any linear system, there is direct linear relationship between the input and the
output. In the frequency domain the system behaviour can be determined in terms of









where A denotes an input, B a structural or acoustic response, ω radian frequency, t
time and j =
√
−1 [2].
Several types of frequency response functions are known, depending on response and
excitation type.
Accelerance (A) gives us relation between acceleration of a structure (a) due to a force
excitation (F ):




Velocity and displacement can also be related to an input force resulting in mobility
(Y ) and receptance (R):








The reciprocals of accelerance, mobility and receptance are referred to the apparent












In this thesis the mobility and impedance functions are mainly used to calculate with,
as they are most common for structure borne sound characterization. Both of them
are in general complex functions of frequency, since the ratio of variables varies with
the frequency. [3].
2.5. Sub-structuring for 1 DOF system
Figure 2.3 presents a vibration source in its passive state, meaning it is not in the
operational mode. It is exposed to force Fs (subscript s denotes source) which results
in a velocity at the same point vs.
vs
Fs
Figure 2.3: Passive vibration source.












Figure 2.4: Passive vibration receiver.
Mobility describes a passive property of the structure. When a source is in operational
mode there will be velocity at the same point, but as a consequence of a source internal





Figure 2.5: Vibration source in operational mode.
Internal force can be related to this point by the source transfer mobility Yst, describing





Because of the fact that Fs+ is internal it will be difficult to access and measure it and
therefore measuring transfer mobility Yst will pose quite a challenge [2]. Anyway, the
velocity vs could be easily measured, but at the same time it is dependent on source
boundary conditions and that is one of the biggest issues at source activity and a great
challenge in source characterization.
In situation where source and receiver are coupled, the velocity of a source at some
contact point will be dependent upon the force inside a source and the force applied
to it by receiver:
vs = YstFs+ + YsFs (2.10)
Due to the fact that receiver has no internal mechanisms and cannot be active, velocity
of a receiver can only depend upon the forces applied to it by a source. That means,
if a source and receiver are rigidly coupled the velocity of a source and receiver in a
contact point must be equal vs = vr and to fulfil the equilibrium it is also required that
forces in the same point are equal, but acting in the opposite direction Fs = −Fr.
2.6. Free velocity
Free velocity vsf is description of a source structure when operating with only internal
forces acting, meaning free-free boundary conditions have to be established, which is
possible only in theory [2]. In practice this conditions can be only approximated.
vsf = vs|Fs=0 (2.11)
Using the upper equation 2.11, equation 2.10 can be rearranged as:
vs = vsf + YsFs (2.12)
For the rigidly coupled source and receiver it can be written down:




Fs = −Fr (2.14)
where subscription c denotes velocity in the coupling point.






Generally all quantities would be measured with source and receiver uncoupled.
The downside of the free velocity is that it often cannot be measured, because a source
is designed to properly operate only whilst attached to a receiver structure therefore
dismantling of assembly and free suspension of a source is problematic and also time
consuming. An alternative to the free velocity is blocked force.
2.7. Blocked force
The blocked force is the force required to counter the operational velocity of a source
at the contact point to zero [2]:
Fbl = −Fs|vs=0 (2.16)





Theoretically equation 2.16 requires an infinite rigid receiver structure, which is almost
impossible to achieve in practice.
Equations 2.12 and 2.15 can be rewritten to get the velocity of a source, force on a
receiver and finally coupled velocity in terms of blocked force:









As already mentioned, blocked force method is an alternative and also preferable to
the free velocity as a source can be operating under loading condition [2]. Downside of
this method is particularly measurement of forces which is much more complicated as
measurement of velocities and that is probably the reason that makes the inverse force
synthesis approach still more popular.
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The following chapter is in majority recapitulated from [2], pages 28 - 55.
In practice single degree of freedom systems are rare as source and receiver structure
will normally couple at multiple points and at each point through more degrees of
freedom.
The purpose of this chapter is to derive the relationships between source and receiver
structure for more complex models, likewise it was done for one DOF systems in chapter
2.5..
In general dynamic properties can be divided into two groups: active and passive.
Passive properties are describing or characterizing the structure when it is in a passive
state and active properties when it is operating and is therefore in an active state. In
most cases active and passive structure properties are described in terms of frequency
response functions, free velocities or blocked forces in the points where the structures
are coupled. In majority of cases where measurements will be performed in-situ, those
points will not be easily accessible, therefore remote points will be introduced. These
are points as close as possible to the connection surface, where the excitation or response
measurement is possible and if their position coincides closely with the connection
surfaces the relationships can be simplified [2].
Two different ways of sub-structuring will be presented in this thesis: source - receiver
coupled with steel or aluminium linking element and source - receiver coupled with
rubber linking element, representing rigid and resilient mount system.
In further chapters general source, receiver and a mount system matrices are defined.
9
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3.1. Source and receiver rigidly coupled
Figure 3.1 represents independent source and receiver sub-system which may be cou-
pled together to form an assembly. Coloured single arrows are used to highlight the











Figure 3.1: Separate active source and passive receiver sub-systems.
For a source structure in figure 3.1 the following equations can be used to relate ex-
citation forces and responses at two sets of external points on a source, denoted by
subscripting arrows with a different direction and a set of internal points marked with
+:
{vs↑} = [Ys↑↑]{Fs↑}+ [Ys+↑]{Fs+}+ [Ys↓↑]{Fs↓} (3.1)
{vs+} = [Ys↑+]{Fs↑}+ [Ys++]{Fs+}+ [Ys↓+]{Fs↓} (3.2)
{vs↓} = [Ys↑↓]{Fs↑}+ [Ys+↓]{Fs+}+ [Ys↓↓]{Fs↓} (3.3)
where s denotes source, ↑ upper structure point, ↓ lower structure point, first arrow
stands for the response point and the second arrow for the excitation point.
Therefore Ys↑↑ represents source point mobility, where both, excitation and response
are obtained from the upper source point. It is supposed that internal points represent
points within a source, where any number of forces F+ occur during a source operation,
resulting in active source behaviour which is observed at the external points ↑ and ↓.
Receiver structure is passive by definition therefore has no internal forces and can be
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described by just two sets of remote points:
{vr↑} = [Yr↑↑]{Fr↑}+ [Yr↓↑]{Fr↓} (3.4)
{vr↓} = [Yr↑↓]{Fr↑}+ [Yr↓↓]{Fr↓} (3.5)
In equations 3.1, 3.2, 3.3, 3.4 and 3.5 subscripts s and r stand for source and receiver
structure respectively.
Velocities vs↑, vs↓, vr↑, vr↓ and forces Fs↑, Fs↓, Fr↑, Fr↓ may be single values for single
point degree of freedom or vectors for multi point multi degree of freedom problems.
Equations 3.1, 3.2, 3.3, 3.4 and 3.5 are independent descriptions of a source and receiver
structures and they are valid no matter if a source and a receiver are connected and
independent of the connection itself. If the connection structure is not perfectly rigid
it has to have its own similar formulation [2].
Using upper equations 3.1 to 3.5 following relationship in matrix form can be written

























3.1.1. Force on a receiver
If a source and receiver are rigidly coupled and assembly freely suspended, equations
3.1 to 3.5 can be simplified and combined using following boundary and equilibrium
conditions as shown in figure 3.2:
vs↓ = vr↑ = vc (3.8)
Fs↓ = −Fr↑ (3.9)
Fs↑ = 0 (3.10)
Fr↓ = 0 (3.11)
Velocities of a source and a receiver at the coupling point, denoted as vc - meaning
coupled velocity, must be the same because the contact is rigid. The source and
receiver force in the same point will however have the same magnitude, but the opposite
direction to satisfy the equilibrium and no forces will act at remote points as assembly
11
3. Sub-structuring
Figure 3.2: Rigidly coupled source and receiver.
is freely suspended.
For the contact point following equations are valid:
{vc} = [Ys+↓]{Fs+}+ [Ys↓↓]{Fs↓} (3.12)
{vc} = [Yr↑↑]{Fr↑} (3.13)
and for the remote points:
{vr↓} = [Yr↑↓]{Fr↑} = [Yr↓↑]T{Fr↑} (3.14)
where T denotes matrix transpose. It can be seen that the internal source mechanisms
are conveniently avoided in equations 3.13 and 3.14. Those two equations are also often
used in inverse force synthesis and TPA analysis to obtain force inputs to a receiver
structure [2].
3.1.2. Sub-structuring with free velocity
As already mentioned in chapter 2.6. independent description of vibration source
activity at the contact points may be obtained by applying a free boundary conditions
to a source shown in figure 3.1. By setting forces Fs↑ an Fs↓ to zero, the free velocity
may be defined:
{vsf} = {vs↓}|Fs↑=0,Fs↓=0 (3.15)
= Ys+↓Fs+
With the upper equation free velocity of a source can be calculated. It can be related
to the velocity of a coupled system by substituting for the free velocity from 3.15 into
3.12.
{vc} = {vsf}+ [Ys↓↓]{Fs↓} (3.16)
= [Yr↑↑]{Fr↑}







3.1. Source and receiver rigidly coupled
Equation 3.17 shows that the force inputs to any receiver with known mobility can be
found from the independent properties of a source - source mobility and source free
velocity.
Velocity of coupled source and receiver can also be found by substituting for the force





Equations 3.17 and 3.18 are of great importance in structure borne sound as their
product gives us the power transmitted from a source to the receiver [2].
3.1.3. Sub-structuring with blocked force
On the contrary to the free velocity, a blocked boundary condition will be applied to
limit a source velocity in this chapter. For this, blocking force is required which is
equal and opposite to Fs↓:
{Fbl} = −{Fs↓}|vs↓=0 (3.19)
In order to achieve this boundary condition a source has to be rigidly connected to a
receiver structure of mobility zero (infinite impedance), so that velocity of a source in
a connecting point, according to equation 3.12, would be zero:
{Fbl} = [Ys↓↓]−1[Ys+↓]{Fs+} (3.20)
Thus, regarding to equation 3.15 source blocked force and free velocity are related by:
{Fbl} = [Ys↓↓]−1{vsf} (3.21)
Substituting for the free velocity in equations 3.17 and 3.18 the force on a receiver side











There is no measurement standard available for the direct measuring of blocked forces
yet and that might be because forces and moments are normally more difficult to
measure than velocities or accelerations and because a free-free boundary condition
will be in most cases easier to approximate than a blocked boundary condition [2].
However, equations 3.21 and 3.23 can be used to evaluate the validity of blocked forces




3.1.4. Sub-structuring passive structural properties with mo-
bilities
In this section mobility of a couple system is derived from the sub-structure mobilities.
As already mentioned, mobility describes the passive properties of a source or receiver
structure. Unlike a source, receiver has no internal excitation and is passive by its
nature.
Also a source can be considered as passive providing F+ = 0 and this can only be
fulfilled when a source is not operating.
If a source and receiver are coupled and freely suspended so that {Fs↑} = {Fr↓} = 0
equations 3.3 and 3.4 can be rewritten as:
{vs↓} = [Ys↓↓]{Fs↓} (3.24)
{vr↑} = [Yr↑↑]{Fr↑} (3.25)
If a positive force Fin is applied to a source-receiver coupling point, the part of the
force will be applied to a receiver side and a part to a source side, ratio depends on
source and receiver mobilities. In general it can be written down in a following way,
making no assumptions how force is divided:
{Fin} = {Fs↓}+ {Fr↑} (3.26)











For the purpose of applying force in not just one point and more than one DOF,
equation 3.28 can be rewritten in terms of matrices. Matrix of input forces will be a






By multiplying equation 3.29 by the inverted input force matrix [Fin], the matrix of






From a practical point of view such a measurement would not be possible when a source
and receiver are coupled as the point between the structures cannot be accessed. For
this purpose remote points on a source and receiver are introduced. If a remote point
on a source were excited whilst a source and receiver were coupled and freely suspended
the force on a receiver remote point would be zero {Fr↓} = 0 and the force on a source
remote point would be equal to the input force {Fs↑} = {Fin} and a source and receiver
forces at a contact point would be equal but opposite directed. Using equations 3.1,
3.4 and 3.8 with {Fs+} = 0 it may be written:
{vc} = [Ys↑↑]{Fin} − [Ys↓↑]{Fr↑} = [Yr↑↑]{Fr↑} (3.31)
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If considered that remote points on a source and receiver are sufficiently close to the
connection point so that negible wave behaviour occurs between them, a following
simplification can be made [2]:
[Ys] ≈ [Ys↓↓] ≈ [Ys↑↑] ≈ [Ys↑↓] ≈ [Ys↓↑] (3.33)
[Yr] ≈ [Yr↓↓] ≈ [Yr↑↑] ≈ [Yr↑↓] ≈ [Yr↓↑] (3.34)
Applying this simplification to equations 3.31 and 3.32 and substituting the force from
equation 3.32 into equation 3.31 it can be written:





which can be normalised as before using repeated single input forces to build input
force and coupled velocity matrices:




















−1][Yc] = [I] (3.39)
Pre-multiplying equation 3.39 by [Y −1r + Y
−1
s ]
−1 gives equation for coupled mobility







In following section key relationships are summarised and re-written with the simpli-
fication written in equation 3.33 and 3.34. Considering only quantities defined at a
source and receiver connection points, the force input to a receiver structure can be
found from source-receiver coupled velocity and receiver mobility as used in inverse
force synthesis [2].
{Fr} = [Yr]−1{vc} (3.41)
Similarly the force on a receiver can be obtained from independent properties of a






















and finally a coupled mobility in relation to source and receiver independent mobilities








Measuring a source free velocity by freely suspending while source is in operational
mode is in many cases not plausible, neither is obtaining blocked force by measuring
the forces required to block the motion of a source in operational mode. Due to these
causes the possibility of obtaining independent source characterization data from in-
situ measurements will be described.
With rearranging equation 3.44 it can be seen that free velocity of a source can be ob-







However, although this approach may be plausible, it is not practical as it requires
independent measurements of source and receiver mobilities. On the other hand more












and substituting for the coupled mobility from equation 3.46 in 3.49 the blocked force
can be written in terms of purely coupled properties:
{Fbl} = [Yc]−1{vc} (3.50)
Equation 3.50 which describes relationship between blocked force and two properties
of coupled system (coupled mobility and coupled velocity in a contact point) which
can be measured in-situ, may provide a novel solution to the problem of characterising
source activity. Equation is similar to that in inverse force synthesis 3.41, but has two
significant advantages, as all measurements can be made in a coupled situation and
obtained blocked force is an independent property of a source. Therefore measurements
can be performed faster and blocked forces can be used to predict the behaviour of a
source when coupled to a different receiver structure [2].
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3.1.6.2. Source mobility
To fully characterize a vibration source in addition to the blocked force or free velocity
a source impedance or mobility is required. In next chapter 3.2. a method for obtaining
mobility of resiliently mounted source from in situ measurement is described. Where
a vibration source is rigidly coupled to a receiver structure this approach may not be
viable, but there may however be an alternative which allows us to calculate source
mobility from in-situ measurement, assuming a receiver mobility is known.
Equation 3.46 describes mobility of an assembly in terms of independently measured
source and receiver mobilities. Rearranging gives the following equation, which could







It is inconvenient that a receiver mobility has to be known, but there may also be
some advantages. It appears that two sets of mobility measurements, Yc and Yr are
required rather than the single measurement of source mobility Ys [2]. However if
the equation 3.50 is also being calculated, than only Yr is required which is necessary
anyway in conventional measurements. Moreover, by characterising a source mobility
in-situ there may be additional benefits as the nature of a standard connection type may
be automatically included as a property of a source. This may be useful if a vibration
source is always mounted in the same way but to different receiver structures.
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3.2. Source and receiver resiliently coupled
Thus far, relationships for rigidly coupled source and receiver structures have been
developed in chapter 3.1. but it often happens that source and receiver are coupled
using resilient elements. In practice these elements can be treated as a part of a source
or receiver structure but it may be also useful to treat them as an independent sub-
structure as this may allow one to investigate the effect of using different resilient















Figure 3.3: Source and receiver structure coupled by intermediate resilient linking
structure.
Shown in picture 3.3 are simple illustrations of a vibration source coupled to a receiver
through an intermediate linking structure such as resilient mount. Such a configuration
is in high interest of ZF, as it is commonly used in automotive industry, for example
as connection of the vehicles gearbox or steering system to the chassis.
Providing the mounts are not active they can be described in a similar way as in













The subscript l denotes linking structure, set of points subscripted with up arrow ↑
connects to a source structure and the set of points subscripted with down arrow ↓
connects to a receiver structure.
Using the matrices 3.6, 3.7 and 3.52 following general relationships can be formed for
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the uncoupled source, receiver and linking structure velocities. Starting with a source
remote point and contact point velocities it can be written:
{vs↑} = [Ys↑↑]{Fs↑}+ [Ys+↑]{Fs+}+ [Ys↓↑]{Fs↓} (3.53)
{vs↓} = [Ys↑↓]{Fs↑}+ [Ys+↓]{Fs+}+ [Ys↓↓]{Fs↓} (3.54)
and for a receiver structure:
{vr↑} = [Yr↑↑]{Fr↑}+ [Yr↓↑]{Fr↓} (3.55)
{vr↓} = [Yr↑↓]{Fr↑}+ [Yr↓↓]{Fr↓} (3.56)
and for a the linking structure:
{vl↑} = [Yl↑↑]{Fl↑}+ [Yl↓↑]{Fl↓} (3.57)
{vl↓} = [Yl↑↓]{Fl↑}+ [Yl↓↓]{Fl↓} (3.58)
3.2.1. Mobility of the assembly
When a source and receiver are resiliently coupled their velocity may differ and the
forces on a source and receiver may not be equal and opposite as predicted for rigid
coupling. That will result in different mobilities when measured on source or receiver
side or when measured across the assembly.
Firstly relationships which are dependent upon mount properties are derived, referring
to figure 3.3
vs↓ = vl↑ (3.59)
vl↓ = vr↑ (3.60)
Similar relationship can be written for the force:
Fs↓ = −Fl↑ (3.61)
Fr↑ = −Fl↓ (3.62)
The force on a source may not be equal and opposite to the force on a receiver. To
measure the mobility of the assembly either a source or receiver could be excited and
similarly the response could be measured on either side. To take this information into
account a further notation is introduced to differentiate whether a source or receiver
structure is excited with input force Fin. Therefore forces or velocities with a single
prime (′) will relate to excitation on a source side and double prime (′′) to excitation
on a receiver side [2].
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With a source and receiver resiliently coupled and freely suspended, applying an exter-
nal force F ′in (excitation on a source side) will result in different velocities for a source
and receiver. Assuming both - source an receiver structure to be passive (inactive),
equations 3.54 and 3.57 can be equated:
[Ys↑↓]{F ′in}+ [Ys↓↓]{F ′s↓} = [Yl↑↑]{F ′l↑}+ [Yl↓↑]{F ′l↓} (3.63)
and similarly, keeping in mind that assembly is freely suspended (Fr↓ = 0) equations
3.55 and 3.58 give:
[Yr↑↑]{F ′r↑} = [Yl↑↓]{Fl↑}+ [Yl↓↓]{Fl↓} (3.64)
Rearranging equation 3.64 gives the force on a receiver as written in terms of the force






Rearranging equation 3.63 and substituting for the force and receiver side of the mount
from equation 3.65 gives:

























which can be used to find a source and receiver velocities due to forces applied on a
source or receiver side using:
{v′s↑} = [Ys↑↑]{F ′in} − [Ys↓↑]{F ′l↑} (3.69)
{v′r↓} = [Yr↑↓]{F ′r↑} (3.70)
{v′′s↑} = [Ys↓↑]{F ′′s↓} (3.71)
{v′′r↓} = [Yr↓↓]{F ′′in} − [Yr↑↓]{F ′′l↓} (3.72)
Equations 3.69 to 3.72 will be later used as a validation reference and it will be shown
that by using an assumption of force transmissibility for the mounts the mobility of
a resiliently mounted vibration source can be found in-situ with no knowledge of the
resilient mount properties or receiver structure mobility.
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3.3. In-situ source and receiver mobility
It was already shown in section 3.1.6. that mobility of a source can be obtained from
in-situ measurements. The main downside of this approach is that both parts must be
separated to measure the mobility of a receiver.
In next pages it will be shown that for the special case of resiliently mounted source-
receiver systems it may be possible to obtain both source and receiver mobilities in-situ
without having to separate the sub-systems.
If assumed that remote points on a source and receiver structure coincide closely with
the connection point, the simplifications from equations 3.33 and 3.34 can be made
again. Therefore the equations 3.69 to 3.72 can be rewritten in terms of forces on a
source and receiver:
{v′s} = [Ys]{F ′in}+ [Ys]{F ′s} (3.73)
{v′r} = [Yr]{F ′r} (3.74)
{v′′s} = [Ys]{F ′′s } (3.75)
{v′′r} = [Yr]{F ′′in}+ [Yr]{F ′′r } (3.76)
With intent to obtain independent source property only from in-situ measurement a
further important assumption has to be done. To avoid having to know the properties
of resilient mount it has to be assumed that the force applied to the mount by source
is equal to the force applied to a receiver and vice versa, but no assumptions can be
made regarding source and receiver velocities. In this way the existence of the mount
is taken into account, but at the same time, there is no need to know its properties.
The assumption should be valid under two conditions [2]:
- providing standing waves do not occur in the mount which would modify the trans-
mitted force
- if the mount resonances are outside of the frequency range of interest
Considering this simplification equations 3.74 und 3.75 can be rearranged to obtain:
{F ′s} = −[Yr]−1{v′r} (3.77)
{F ′′r } = −[Ys]−1{v′′s} (3.78)
and substituting into 3.73 and 3.76 gives:
{v′s} = [Ys]{F ′in} − [Ys][Yr]−1{v′r} (3.79)







Figure 3.4: Source and receiver structure coupled by intermediate resilient linking
structure with forces and velocities at coupling points.
To describe mobilities of a coupled system, subscription c is introduced. Than, coupled













where Yc↑↑ and Yc↓↓ are point mobilities of an assembly measured in upper (source
side) and lower (receiver side) connection point and Yc↓↑ and Yc↑↓ are mobilities across
assembly. Therefore equations 3.79 and 3.80 become:
{vc↑} = [Ys]{Fc↑} − [Ys][Yr]−1{vc↓} (3.82)
{vc↓} = [Yr]{Fc↓} − [Yr][Ys]−1{vc↑} (3.83)
where force vectors {Fc↑} and {Fc↓} represent forces applied to the assembly on a
source and receiver side. By applying forces at more than one connection point and for
each degree of freedom, equations 3.82 and 3.83 can be rewritten in terms of matrices:
[vc↑] = [Ys][Fc↑]− [Ys][Yr]−1[vc↓] (3.84)
[vc↓] = [Yr][Fc↓]− [Yr][Ys]−1[vc↑] (3.85)
Post multiplying the equations 3.84 and 3.85 by the inverted diagonal input force
matrices, [Fc↑]
−1 and [Fc↓]
−1 respectively normalises the velocities on a source and
receiver side:
[Yc↑↑] = [Ys]− [Ys][Yr]−1[Yc↑↓] (3.86)
[Yc↓↓] = [Yr]− [Yr][Ys]−1[Yc↑↓] (3.87)
and than rearranging:
[Ys] = [Yc↑↑] + [Ys][Yr]
−1[Yc↓↑] (3.88)
[Yr] = [Yc↓↓] + [Yr][Ys]
−1[Yc↑↓] (3.89)
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substituting for a source and receiver mobility on the right hand side of equations
3.90 and 3.91 with a source and receiver mobility from equations 3.92 and 3.93, and
than rearranging, a source and receiver mobility from in-situ measured mobilities on
assembly can be obtained:














rearranging to get a nicer form:














Equations 3.96 and 3.97 are the most important equations in this part of the thesis
as they allow source and receiver mobilities to be obtained from in-situ measurement,
without dismantling the assembled structure. As it can be seen, the method is based
on the mobility difference, therefore it is suitable for cases where a source and receiver
are resiliently coupled. This method is derived for the exact coupling points, but as
they unfortunately cannot be accessed, remote points will be introduced, as already
mentioned. Equations will be tested and proved in chapter 6. .
3.3.1. Source activity
It was already shown in chapter 3.1.6.2. that blocked force of a source rigidly coupled
to a receiver can be obtained from in-situ measurement. Same approach may be used
also for resilient coupling, because a receiver structure can be considered as being the
former receiver structure with the addition of a resilient mount [2]. Using the current
notation, when a source is operating, it is given by:
{Fbl} = [Yc↑↑]−1{vc↑} (3.98)
With the use of equations 3.96 and 3.98 vibration source can be in theory fully charac-
terized in terms of blocked force and point mobility without dismantling the assembly




Equations describing behaviour of vibration source connected to a receiver structure
with rigid or resilient mounts have been derived in this chapter. It was shown that
blocked force as an independent source property can be obtained just from in-situ
measurement for both connection types - rigid and resilient. Similarly also source
mobility can be obtained from measurement in-situ, but just in case when a source
and receiver are resiliently mounted.
To obtain source mobility in situ, further important simplifications and assumptions
have to be done [2]:
- force acting from source to the mount structure is the same as force acting form
the mount to a receiver structure - full force transmission. That would be actually
possible only if mount structure would be massless,
- introduced remote points are close enough to the connection points,
- mounts resonances are not in the frequency range of our interest.
All these effects will be discussed and tested in the chapter 6. .
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Theory in the following chapter is in majority recapitulated from [2], pages 141 - 199.
To characterise structure borne sound, active and passive properties of vibration sources
are needed. In the previous chapter it was shown that mobilities of vibration source
and receiver can be obtained from measurement in-situ if they are resiliently coupled.
This method can therefore be used to characterise the passive properties and may be
useful for several reasons: no dismantling is needed - dismantling an existing assembly
is time consuming, applying free-free or blocked boundary conditions is not practical
and often not possible, therefore measurement in-situ saves a lot of time and troubles.
The inverse force synthesis gets around this difficulty by quantifying source activity in
therms of operational contact force using in-situ measurement. The weakness of this
method is that operational forces are not source independent property and therefore
are not transferable. In order to avoid this issue, in-situ method for obtaining source
blocked forces will be described in this chapter. By measuring in-situ there will be no
requirement for complicated test rigs thus reducing measurement time and expense.
As a consequence no error will occur as a result of a poor approximation to a blocked
boundary condition.
4.1. The in-situ blocked force
As already mentioned, blocked force is a force required to counter activity of a source,
so that its velocity is zero and can be written:
{Fbl} = −{Fs}|vs=0 (4.1)
and is related to the free velocity by:
{Fbl} = [Ys]−1{vsf} = [Zs]{vsf} (4.2)
When a source and receiver are coupled and a source is operational the velocities of
the coupled source and receiver (in a coupling point), {vs} and {vr}, will be equal and
therefore denoted as coupled velocity {vc}.
{vc} = {vsf}+ [Ys]{Fs} = [Yr]{Fr} (4.3)
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Equating the right hand side of the equation 4.3 and substituting for the force on a











into which the free velocity from 4.2 can be substituted to get the coupled velocity in






with multiplying and rearranging it can be written:
[Ys]










Here it can be seen that the coupled velocity is related to the blocked force by inverted
sum of source and receiver impedance matrices. This was shown in 3.1.6.1. to be equal







{Fbl} = [Yc]−1{vc} (4.11)
which gives us hypothetical blocked force in terms of in-situ quantities. That means
that in theory it should be possible to measure an independent property of vibration
source whilst it is connected to any receiver structure [2]. The only requirement for
that is to measure the mobilities and operational velocities at the point where source
and receiver are connected.
In this place it is also necessary to mention the difference in substructure between in-
situ mobilities and blocked forces. In case of in-situ mobility calculation three different
structures are distinguished; a source, receiver and rigid or resilient mount. In case of
in-situ blocked force calculation, only two structures are actually dealt with, a source
and receiver, as mount is considered as a part of receiver structure as shown in figure
4.1.
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Figure 4.1: Sub-structuring for in-situ blocked force method.
4.2. In-situ blocked force with remote points
In previous chapter it was shown that vibration source blocked forces can be obtained
from in-situ measurement whilst it is coupled to a receiver structure. This was done
by exciting coupling points and measuring velocity to build a coupled mobility matrix
and than measuring the operational velocity of a source at the same points of coupled
system.
In the next lines a further development of method is described which allows improved
data accuracy and easier measurements. The idea is to extend measurement points to
include remote points. These are the points on a receiver structure with good access
possibilities, away from the contact point [2].
4.2.1. Development
In chapter 3.1. mobility matrices were used to describe independent properties of a

























With use of the contact points on a source and receiver, the internal forces in a source
and a further set of remote points on a receiver, it can be written for a source:
{vs↓} = [Ys+↓]{Fs+}+ [Ys↓↓]{Fs↓} (4.14)
Equation 4.14 describes relationship between source internal force Fs+ and the con-
nection point forces Fs↓ to the velocity of a source contact point vs↓. If a source is
uncoupled, the force on the connection point is zero and a source is free thus:
{vsf} = [Ys+↓]{Fs+} (4.15)
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The blocked force of a source may equally be used as:
{vsf} = [Ys↓↓]{Fbl} (4.16)
and therefore:
{vs↓} = {vsf}+ [Ys↓↓]{Fs↓} (4.17)
{vs↓} = [Ys↓↓]{Fbl}+ [Ys↓↓]{Fs↓} (4.18)
Imagining there is a rigid contact between source and a receiver (despite the fact that
there is also resilient mount in between - it is part of a receiver as shown in figure 4.1)
the velocity on a receiver will be the same as velocity on a source at all points and
degrees of freedom where they couple. If no external forces act on the remote points
on a receiver it can be written:
{vr↑} = [Yr↑↑]{Fr↑} (4.19)
{vr↓} = [Yr↑↓]{Fr↑} (4.20)
If a receiver mobility, measured at the contact points [Yr↑↑] or similarly using remote
points [Yr↑↓] or [Yr↑↓] is known, the forces acting on a receiver can be found by solving
equations 4.19 and 4.20, giving a further description of a source activity in form of
contact forces.
Contact velocities are often used in inverse force synthesis to compute the contact
forces, using upper equations, which can be related by vibro-acoustic transfer function
to sound pressure [2].
Forces acting on any known receiver can theoretically be found from independent prop-
erties of a source. Equating 4.18 and 4.19 and rearranging gives the force on receiver






With intent to relate a source blocked force to the velocity at remote points on a






This equation could be very useful for instance in automotive industry, because a final
product like passenger car is composed from many parts, produced by different manu-
facturers. The problem is correspondence and dynamic / acoustic suitability when the
parts are built together. With knowing a source properties in a connection point Ys
and Fbl for a certain operational load, receiver manufacturer would be able to predict
the response of their product at any point on receiver for the same operational load as
blocked forces were calculated.
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Further on, if presumed that a source is coupled to a receiver, but not operating and
the assembly freely suspended, the force on a source and receiver remote points would
be zero, therefore Fs↑ = 0 and Fr↓ = 0. Than single forces or moments can be applied
to a source structure to give vectors of input forces {Fin} composed of zeros except for
the single point and degree of freedom which is excited [2]:
{vs↓} = [Ys↑↓]{Fin}+ [Ys↓↓]{Fs↓} (4.23)
If considered that source remote points are very close to the contact points it can be
said that: Ys = Ys↑↑ = Ys↓↑ = Ys↑↓ = Ys↓↓ and than for a source:
{vs↓} = [Ys]{Fin}+ [Ys] + {Fs↓} (4.24)
and for a receiver:
{vr↑} = [Yr↑↑]{Fr↑} (4.25)
{vr↓} = [Yr↑↓]{Fr↑} (4.26)
When written this way, the force on a source side of contact points is equal and the
opposite to the force on a receiver side of a contact, so Fs↓ = −Fr↑. Velocity is equal
in magnitude and phase on both sides of contact and can be therefore called coupled
velocity vc.
Equating equations 4.24 and 4.25 substituting for the force on a source side with the












Relating the velocity of remote points on a receiver to an excitation of a source at a













where YA denotes mobility of an assembly, subscription r remote receiver points and
subscription c contact point of the assembly. Therefore:
[YArc] = [Yr↑↓]
[
[Ys] + [Yr ↓↓]
]−1
[Ys] (4.30)
which may be substituted into 4.22 to give the velocity of remote points on a receiver
vr↓:
{vAr} = [YArc]{Fbl} (4.31)
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The transfer mobility matrix [YArc] does not need to be square, therefore allowing
the determination of the problem which can be than solved by the pseudo inverse of
[YArc] [2]. To measure this transfer mobility it is necessary to excite the connection
points and measure the response at remote points on a receiver. In most cases this will
be hard to perform, because of the restricted access to the contact points. Therefore,
referring to equation 4.29 it can be seen that the transfer mobility matrix [YArc] will
be equal by reciprocity to the transpose of [YAcr] and therefore:
{vAr} = [YAcr]T{Fbl} (4.32)
where T denotes the matrix transpose.
This is the main equation of this chapter and allows us to obtain the blocked forces
from in-situ measured transfer mobility and operational velocity. The main benefit of
this formulation is that no force or moment excitation is required at a source-receiver
connection point, where the access is limited. Instead of this, remote points on receiver
structure are excited only using force and the response in form of linear and angular
velocities is measured at the contact points [2].
For example, if dealing with an assembly with m connection points and n remote
points on a receiver structure and if only one degree of freedom is used - out of plane
translation, the matrix equation can be written as:Fbl(1)...
Fbl(m)
 =
YAcr(11)vf . . . YAcr(1n)vf... . . . ...









To avoid difficulties and uncertainties connected with real experiment, “In-situ mobil-
ity” and “In-situ blocked force” methods were initially tested with simulation in Altair
Hyperworks CAE software. Both methods are derived for measuring and calculating in
points, therefore a spring was used to connect two nodes on source and receiver beam
- representing our linking structure. Further on, a real 3D coupling element was intro-
duced to show the effect of surface connection and measurement using remote points
on a final result.
5.1.1. Software
During this work Altair software was used for the FE simulations. Hypermesh - a multi
disciplinary finite element pre-processor, Optistruct - an structural analysis solver for
linear and non-linear problems under static or dynamic loadings and Hyperview - post-
processing and visualization environment for finite element analysis, CFD and multi
body system data.
For the data analysis and comparison of the results Python software was used. Data
obtained in Hyperworks software was exported in punch format and read by Python,
where FRF and velocity matrices were build and used for further calculation.
5.1.2. Model and mashing
Two simple steel beams were designed in Hypermesh with finite beam elements. At
first, 1D spring element was used to connect both structures and to represent coupling
element. Afterwards a 3D linking element was introduced with a beam element con-
necting several nodes on a source and receiver structure. Several different properties
were set and changed to both kinds of coupling elements and the effect on the final
result in form of source point mobility or source blocked force was observed.
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Figure 5.1: FE model built with 1D beam finite elements.
Figure 5.2: FE model built with 3D solid finite elements.
5.2. Experiment
To test theoretical equations and to prove the results gained by simulations a practical
experiment with two simple beam structures and two different connecting elements was
performed.
5.2.1. Samples and materials
5.2.1.1. Beams
The main structures of the assembly were two steel beams - a source and receiver beam
shown in figure 5.3, both of the same thickness c = 15 mm and width b = 60 mm. The
length of source beam was as = 340 mm and of a receiver beam ar = 500 mm. Both
beams had two holes of φ = 6 mm for the connection purposes.
5.2.1.2. Coupling elements
With the purpose of assembling structures, reducing vibrations and structure borne
noise or as a protection from shock, linking element can be introduced between source
and a receiver structure.
To establish resilient coupling conditions rubber linking element was used and for the
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Figure 5.4: Linking elements: rubber (left) and aluminium (right).
5.2.2. Design of experiment
5.2.2.1. Test rig
To satisfy the needs of establishing free-free boundary conditions for mobility measure-
ment an improvised test rig was needed. With intend to achieve as best approximation
of free-free conditions as possible a special stand was built together. Independent beam
or whole assembly was than hung to the stand with elastic bands which were attached
to the structure with tiny cables, to have as smallest effect on a structure dynamics as
possible.
5.2.2.2. Müller-BBM VibroAcoustic measuring system - PAK
For measuring forces and accelerations a measurement device PAK MK-II was used. It
is a mobile, multi channel measurement system for acoustic and vibrational analyses.




Figure 5.5: Test rig. Improvised stand and beam structure hung with elastic bands.
5.2.2.3. PCB Piezotronics sensors
During all the experiments four different types of PCB Piezotronics accelerometers
were used.
For the laboratory experiments with simple beam structures 10mV one-axial and three-
axial low-noise sensors were used.
5.2.2.4. Impact hammer
In order to obtain mobilities a PCB Piezotronics impact hammer was used with sensi-
tivity of 1.12 mV/N. Depending on a frequency range of interest, metal or plastic tip
was used.
5.2.2.5. Mini-shaker
To simulate the internal excitation of a source (simulating operational conditions) a
mini-shaker produced internally by ZF was used. It also offers a possibility to measure
input voltage and force applied to the structure, therefore a force signal was used as a
trigger.
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5.2.2.6. Beam assembly with resilient & rigid mount
In figure 5.6 a beam model on which practical experiments were done is shown. Cur-
rently only one rubber mount is connecting source and receiver structure, representing
one resilient linking structure.
Above the beam structure another rubber and two aluminium mounts can be seen,
which were used to modify the structure and connection points.
Figure 5.6: Experimental model
5.3. Measurement of mobility
In the previous chapter the sub-structuring concept was described and equations for
independent source characterization in terms of source blocked forces or source mobil-
ities were derived. This was done for vibration source rigidly or resiliently coupled to
a receiver structure.
Those equations are applicable to the problems involving one contact point with one
DOF or more contact points with more DOF.
For multiple points with multiple DOF problems, data has to be arranged into suitable
matrix form. The elements of these matrices will have to be measured using some
widely excepted standards [8] [9] [10].
A full mobility matrix for single point including all degrees of freedom would therefore









YvxFx YvxFy YvxFz YvxΓx YvxΓy YvxΓz
YvyFx YvyFy YvyFz YvyΓx YvyΓy YvyΓz
YvzFx YvzFy YvzFz YvzΓx YvzΓy YvzΓz
YαxFx YαxFy YαxFz YαxΓx YαxΓy YαxΓz
YαyFx YαyFy YαyFz YαyΓx YαyΓy YαyΓz












In equation 5.1 v denotes velocity, α angular velocities, F forces and Γ moments.
Subscriptions x, y and z indicate the direction of excitation or response in respect to
the user defined coordinate system. In case of rotational degrees of freedom subscription
defines the rotation around subscripted axis.
Mobility matrix is symmetrical by reciprocity because angular velocity due to a force
is equivalent to the translational velocity due to a moment excitation, providing their
directions are respected.
In most cases the complete matrix would be measured by exciting every point in each
degree of freedom separately and measuring all the responses in all degrees of freedom
simultaneously, to construct the entire matrix from six excitations.
Normally substructures will be connected in multiple points and trough multiple DOF.
Multi degree of freedom mobility matrices can be therefore organised in blocks to form
a multi point multi degree of freedom mobility matrix [2]:
Ymn =

Y11 Y12 · · · Ym1





Y1n Y2n · · · Ymn
 (5.2)
where Ymn denotes mobility with force excitation in point n and response measured
in point m. A full mobility matrix will therefore consist of block matrices of size 6
by 6 for every point and for the relationship for each pair of points, which may be
represented [2]:
Y11 Y12 · · · Ym1





Y1n Y2n · · · Ymn
 =

F1 0 0 0
0 F2 0 0
0 0
. . . 0
0 0 0 Fn

−1 
v11 v12 · · · vm1





v1n v2n · · · vmn
 (5.3)
Multi point mobility matrix, written in equation 5.3 is also symmetrical as the mobility
obtained by exciting structure at point one and measuring response at point two will
be the same as mobility obtained by exciting at point two and with response measured
in point one. These off diagonal mobilities are referred as transfer mobilities.
Generally, point mobilities are those where the excitation and response are obtained in
the same point and same degree of freedom. Transfer mobilities are those who relate
one point to another and cross mobilities relate one degree of freedom to another.
Finally, cross transfer mobilities are those who relate excitation in one point and one
degree of freedom to response in other point in different degree of freedom [2].
For better understanding of equations and orientation of forces applied or measured
responses, expressions in plane and out of plane will be used.
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xy
z
Figure 5.7: In and out of plane axes.
The term out of plane is used when both, excitation and response, act perpendicular
to the surface of the structure (green axis). The in plane axes (red) are than parallel
to the surface and could be oriented however it appears to be the most convenient
providing one is consistent for each given point.
In this thesis z is used to denote out-of-plane axis and x, y for in-plane. Normally x
axis will coincide with the length of a beam, y axis with the width of a beam and z
with the height of a beam.
To fully describe a single point a 6 by 6 mobility matrix is required which corresponds
to N = 1 contact points, multiplied by D = 6 degrees of freedom in each dimension.
Multiple point multiple degrees of freedom matrices will therefore be of size NxD by
NxD and full mobility description will present a challenging measurement scenario.
In terms of structure borne sound, one particular difficulty of concern is the measure-
ment of moment mobilities.
5.3.1. Moment mobilities
With the intent to achieve better accuracy of final results, rotational degrees of free-
dom were also taken into account, meaning mobility matrix was extended due to the
moment mobilities inclusion. Various methods for measuring moment mobilities are
already known, but all of them have some restrictions and weak points [11], [12].
In [13] and [14] it was shown that moment mobilities obtained by using finite differ-
ence method could give us good results and improve prediction of point mobilities or
operational velocities (in case of blocked force calculation).
The finite difference method was found as one of the most practicable methods for
measuring moment mobilities as it is easy to apply - there is no need for a moment
exciter; instead finite differences are used to approximate moment mobilities which are
spatial derivative of the velocity to force mobility ratio. Despite better results in case
of mobility or velocity prediction, especially in case of rigid mounts, there is still some
doubt regarding the accuracy of this method because of the finite difference approxi-
mation made and the sensitivity of the method to random and bias errors [2] [13].
The main advantage of this method is the ease with which it can be applied. Despite
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talking about moments, only forces are applied directly to the structure at a small
distance from the point of interest and the distance itself is used as a lever.
5.3.2. Measurement of force and moment mobilities
In papers [2] and [13] finite difference method was derived from basic principles. In the








Figure 5.8: Measuring force and moment mobilities.
Figure 5.8 shows a beam with three (red) points. Point 0 is the point of interest
or reference point and points 1 and 2 are the measurement points. There are four
quantities describing actions in the reference point - force F0, moment Γ0, velocity v0
and angular velocity α0. The aim is to define force and moment mobilities in a contact

















Equations 5.4 and 5.5 describe force and moment point mobilities, equations 5.6 and
5.7 describe cross mobilities, which are equal by the reciprocity.
With the aim to avoid measuring moments and rotational velocities in point 0, which
is considered to be problematic it will be shown that force and moment mobilities
can be calculated with the approximation of the forces and velocities at closely spaced
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points (1 and 2). Another advantage of this method is also accessibility, as normally
the exact contact point is not accessible. Assuming that measurement points are close




(v1 + v2) (5.8)

















































Rearranging and combining equations 5.8, 5.10, 5.11 and 5.12 new equations for the






















≈ Yv1F1 − Yv2F1 − Yv1F2 + Yv2F2
4 ∆v ∆F
(5.16)
















where sign ∼ denotes approximation by finite difference.
As it can be seen, all of the mobilities are of the velocity-force type and there is no
moment excitation required.
It was shown in [2] and [13] that finite difference error can be estimated by Taylor series
expansion. It was concluded that the relative error in the moment mobility will increase
with frequency and the separation ∆ used and the error is inversely proportional to
moment mobility magnitude and bending stiffness. This is in agreement with the figure
5.9 which is taken from the article [13] where the error in moment mobility is increasing
with higher frequency and at the same time larger errors are associated with larger ∆
and mostly also with anti-resonances.
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Figure 5.9: Upper figures: Beam moment mobility (solid line) compared with moment
mobility estimated from force mobilities (dashed). Bottom figures: relative error in
estimated moment mobilities. (a) and (b) ∆ = 5 mm, (c) and (d) ∆ = 20 mm [13]
5.4. On-board validation
To evaluate our result and to have a confidence in a predicted response based on the
calculated blocked forces a special form of validation is needed. To do so, a special tool
called on-board validation, described in [15] and [16] will be used.
Figure 5.10: On-board validation.
On-board validation (OBV) is a simple and relatively reliable tool, requiring not much
additional effort. In the process of blocked force calculation a validation point has to
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be defined (see figure 5.10), somewhere on a receiver structure. During the operational
excitation an operational velocity vrefAv will be measured in this point to serve us as a
reference result. Velocity measured in validation point is not a part of operational ve-
locity vector in equation 4.33 and is therefore not used to calculate the blocked forces.
Besides operational velocity in the validation point, on-board validation approach re-
quires a measurement of transfer mobility YAcv between contact and validation point,
when the system is passive. With known transfer mobility and previously calculated
blocked forces, the operational velocity in the validation point vAv can be obtained by
the equation 5.18 and compared to the directly measured vrefAv.
{vAv} = [YAcv]T{Fbl} (5.18)
5.5. Modified on-board validation
An advantage of the on-board validation is that source and receiver structure do not
need to be dismantled and therefore problems connected to the remounting and changed
contact conditions can be avoided. However this is not always the benefit as poor
quality of calculated blocked forces will not be that noticeable as in case where another
receiver structure would be attached to a source.
To improve the accuracy of our validation procedure a modified on-board validation
(MOBV) is introduced in [15], which is similar to what is done in practice, when taking
blocked forces from a source to predict its response in association with another receiver
structure or when calculating the blocked forces on a test rig and using them to predict
the response on the vehicle.
Figure 5.11: Modified on-board validation.
Procedure for MOBV is same as for the OBV, the only difference is that operational
velocity vAv and transfer mobility YAcv are measured on assembly with a different
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6.1. Simulations: In-situ source mobility
To get acquainted with the method, its working principles, limitations and weak points
a few simulations were done at first. The purpose of these finite element simulations
was to test the method in ideal conditions. That means, structure was excited in one
point (node) and not as a surface as in a real experiment. Same can be considered for
response measurement. Even coupling structures are connecting only one point on a
source and receiver, exactly as the method was derived to.
In this chapter a word measurement will be mentioned many times. Since we are
describing results obtained with finite element simulation it has to be clear that it
refers to the simulation and not to the real experiment.
To compare and evaluate the results obtained from in-situ measurement (simulation),
a reference result was needed. Therefore the force, cross and moment mobilities were
determined independently for both connection points on a source structure and will
serve us as a reference curve.
Figure 6.1: Force, cross and moment mobilities of contact point 1.
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The first task was to investigate the difference between directly measured (simulated)
point mobilities shown in figure 6.1 and mobilities calculated with the equation 3.96.
Derivation of this equation considers some important simplifications, especially suspi-
cious is assumption about force transmission through the coupling element, predicting
that the force transferred from a source to the coupling structure is the same as the
force transferred from the coupling to a receiver structure. That would be possible
only in the case of massless coupling structure. First tests were done with 1D spring
element representing the coupling structure, as spring element enables to easily modify
the mass and the stiffness. Mass of a spring was in this case defined as a mass point
in the middle of the spring. As soon as the effect of coupling structure stiffness and
mass are clear, further tests are done with more 1D beam elements, connecting few
neighbour nodes to represent a real coupling surface connection.
6.1.1. Rigid vs. resilient coupling structure
The in-situ mobility method is based on the difference between mobilities on a source
and receiver side of coupling structure. Therefore in case of a system with rigid coupling
structure, those frequency response functions will differ minimally and consequently an
error is to be expected.
Figure 6.2: Source force point mobility calculated from a system with rigid coupling
structure.
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As supposed above, this method is not appropriate for systems with rigid or highly
stiff coupling structures as can be nicely seen in figure 6.2. Notations in graph’s legend
signify:
- ”2 DOF” mobility calculation includes translational and rotational degree of freedom
- ”1 DOF” mobility calculation includes only translational degree of freedom
- ”Reference” independently measured source point mobility
Inverse of the difference of two almost equal mobilities on the upper and lower side of
linking structure (shown in figure 6.3) will lead to enormous error as seen on figure 6.2.
In this case rigid coupling element was massless, therefore a false assumption about
force transmissibility cannot be a reason for such a result.
The method was tested for 1 degree of freedom (out of plane translational mobility
- see figure 5.7) as well as 2 degrees of freedom (out of plane translational mobility
and in-plane rotational mobility as shown in figure 5.7). Both results were poor and
additional effort connected with applying another DOF did not contribute to the result
improvement, but quite the contrary.
On the other hand, figure 6.4 shows perfect agreement between directly measured and
calculated force point mobility which is a consequence of a massless, low-stiffness spring
coupling element.
In this place first important conclusion can be made. It can be said that this method
applies only to vibration sources that are resiliently mounted to a receiver structure.
In case of a rigid mount, the method will not provide sufficient results.
Based on this claim, from now on, simulations including only resilient coupling struc-
tures will be done and presented.
Figure 6.3: Force point mobilities on a source and receiver side of coupling structure.
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Figure 6.4: Calculated and reference source force point mobility from a source -
receiver system coupled with resilient coupling.
6.1.2. Mass vs. massless coupling structure
Considering the fact that resilient mount connecting source and receiver structure can-
not be massless, the limits of this method regarding the simplifications made in chapter
3.3. will be shown. Stiffness of a spring element was constant through the whole set
of simulations, k = 500 N/mm and mass of the assembly (source + receiver) was
mA = 2, 85 kg.
Results for the calculated source mobility, where a light spring was used, with assem-
bly’s to spring’s mass ratio of approximately rS/A = 0, 0035 are very good as seen in
figure 6.5. The magnitudes of the resonance and antiresonance peaks are matching and
there is also no notable deviation up to 3500 Hz. Reason for that is small mass causing
that no or fewer standing ways occur in the spring in our frequency range of interest
and therefore transmitted force is not considerably modified. Below the first resonance
of resilient mount its behaviour will nearly follow the Hooke’s law [2] - meaning that
the force applied to the mount will be fully transmitted to the opposite mount end.
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Figure 6.5: Force point mobility calculated using spring with mass ms = 0, 01kg.
In the following simulation, shown in figure 6.6 the spring mass was raised to ms =
0, 1 kg, meaning the ratio between mass of spring and assembly was rS/A = 0, 035. It
can be seen that agreement between calculated and reference curve is relatively good
up to 900 Hz, than the deviation begins to rise with the frequency. Already from the
beginning a difference in magnitude peaks can be noticed, for both results, including 1
and 2 DOF. Obviously assumption about force transmissibility is not valid any more,
as standing ways occur in the mounting structure and affect the transmitted force.
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Figure 6.6: Force point mobility calculated using spring with mass ms = 0, 1kg.
Figure 6.7 shows the result for calculated source mobility in case where the spring’s
and assembly’s mass are in the same range. It is obvious that results are poor and that
because of inappropriate assumption about force transmission method is not working
properly any more.
Figure 6.7: Force point mobility calculated using spring with mass ms = 1kg.
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6.1.3. Connection area
It was shown that in theory this method should work for source-receiver systems cou-
pled with resilient mount which mass is much smaller than the mass of the assembly.
It was also noticed that inclusion of second DOF doesn’t aid significantly in the im-
provement of calculated source mobility. Therefore it was decided to test the effect of
connection area size in relation with coupling element stiffness on the result of calcu-
lated source mobility on the model build with 3D finite elements.
Figure 6.8: Source point mobility for mount with Young modulus E = 0.01 GPa.
Figure 6.8 shows good match between calculated and directly measured (simulated)
Yref source point mobility for the simulation where low stiffness mount with Young
modulus of E = 0.01 GPa was used. This E value corresponds to a rubber material.
Due to the low stiffness mount, point mobilities on a source and receiver side differ
significantly and the mobility measured on a source side of a resilient mount is almost
the same as source point mobility measured independently. That could be one of the
main reasons for such a good mobility prediction shown in upper figure 6.8. It can
also be noticed that results for both connection area sizes are similar, proving that
interpretation of the result is valid.
Figure 6.9 already shows a bigger deviation between both connection area sizes. While
result for the round mount with diameter of 10 mm still shows nice agreement with the
reference one, the result for 20 mm diameter already shows some considerable devia-
tion. Reason for that could be higher mount stiffness and consequently bigger effect of
a receiver structure on a point mobility measured on a source side. Furthermore this
method is derived for points and therefore bigger connecting area can be imagined as
a group of points and the vibroacoustic energy flow is split into many tiny connections
and affecting the flow in point, where mobility is calculated.
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Figure 6.9: Source point mobility for mount with Young modulus E = 2 GPa.
Even bigger deviation can be seen for the coupling structure with steel properties in
figure 6.10. In this case it is obvious that the method is not working any more. As
already mentioned, the difference between source and receiver side coupled mobility is
too small leading to a numerical error and the connection area effect is not aiding in
the improvement.
Figure 6.10: Source point mobility for mount with Young modulus E = 200 GPa.
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6.1.4. Multiple connection points
Normally there is more than one connection between vibration source and receiver
structure, therefore the method was tested for two coupling points with mount having
varying stiffness.
Figure 6.11: Source mobility in point 1 for mount with Young modulus E = 0.01 GPa.
Result in form of source point mobility calculated from the in-situ measurement is rela-
tively good for the mount with low stiffness. At higher frequencies, from approximately
2500 Hz on, the difference between mount diameters starts to appear, concerning mag-
nitude deviation and frequency delay in antiresonances. Result of the same quality
was obtained also for the other connection point. Source mobility calculation for the
mount with elastic modulus E = 2 GPa already shows much worse result as the one
with E = 0.01 GPa, for mount with 20 mm as well as 10 mm diameter. In comparison
with the same simulation including only one connection point in figure 6.6 the result
is poor and does not provide us with sufficient source point mobility. The difference in
deviation between those results is a consequence just of an additional point. At this
point it can be concluded that system with three connection points would serve us even
poorer result.
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Figure 6.12: Source mobility in point 1 for mount with Young modulus E = 2 GPa.
Figure 6.13: Source mobility in point 1 for mount with Young modulus E = 200 GPa.
As we already know, the method is not appropriate for calculating source point mobility
when it is rigidly coupled to a receiver structure. Additional connection points do not
help as clearly seen in figure 6.13.
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6.1.5. Source mobilities with finite difference method
Since we are using 3D finite elements to test the method, meaning that rotational de-
grees of freedom cannot be directly determined, the finite difference method described
in chapter 5.3.2. will be used for this purpose. In this section finite difference method
will be used to check for a possible improvement of the calculated source point mobility
when force, cross and moment mobilities are taken into account.
Figure 6.14 shows calculated source force mobility in point 1. It can be seen that there
is almost no difference between results obtained with 1 and 2 DOF calculation. Taking
more DOF into account means more information, but it can also have disruptive effect,
as with the matrix growing, also the numerical error by the matrix pseudo inverse
will increase, which can be seen as deviation at 300 Hz and 1700 Hz. Also an error
is increasing with the frequency and it is not improved by the addition of rotational
DOF.
Figure 6.14: Source mobility in point 1 for mount with Young modulus E = 0.1 GPa.
If we raise the Elastic modulus of the coupling element to the value of 2 GPa and
compare results for both calculations we can confirm our supposition that inclusion of
rotational degrees of freedom does not aid in the improvement of the calculated source
point mobility, even more, result including rotational DOF shows worse correspondence
with the reference one, as the result calculated with only one DOF. Despite the fact
that results gained from equation 3.96 somehow follow the reference line as shown in
figure 6.15, however they are found to be of unfulfilling quality as they are not showing
the actual behaviour. There are more resonance peaks as there should be, appearing
at wrong frequencies and having false magnitude.
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Figure 6.15: Source mobility in point 1 for mount with Young modulus E = 2 GPa.
In the past sections limitations and working principles of the In-situ source mobility
method were presented. In chapter 6.2. also its practical usability will be tested with
experiments.
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6.2. Experiment: In-situ source mobility
6.2.1. One point connection - resilient mount
To validate results gained with simulations a practical experiment was done. Due to
the real experiment and uncertainty which comes with, higher deviations were expected
between calculated and reference curve and at the same time also additional difficulties
connected with explaining them were awaited.
Main reasons for issues mentioned above can be found in noise obtained through the
measurement and its pseudo inverse, resulting in a numerical error. It is also difficult
to hit the structure or on the other hand to glue the sensor directly perpendicular to
the surface and therefore also other degrees of freedom will be effected.
Even though the effect of improvised free-free boundary conditions on the measured
frequency response function was tested and found negligible it was proven in [17] that
applying free-free boundary conditions is quite a challenge in practice and the differ-
ence between approximated and real free-free boundary conditions is significant which
can be nicely seen also in figure 6.16, where the first yellow peak is quite likely a con-
sequence of elastic bands used to improvise the free-free boundary conditions.
Nevertheless figure 6.16 shows a good result for source point mobility obtained from
equation 3.96. Point mobility was calculated with the finite difference method, de-
scribed in section 5.3.2. for the source - receiver system with one resilient connection.
There is also no significant difference between source mobility calculated with one or
two degrees of freedom, only the spike at ca. 200 Hz which is probably the consequence
of elastic bands and plastic leads slightly effecting the rotational movement of a beam.
Figure 6.16: Source point mobility for resiliently coupled system.
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A red, reference curve was measured with the finite difference method on independent
source structure.
While the magnitude of the calculated mobility fits nicely to the reference one in the
range of first resonance and anti-resonance zone, this cannot be said for the second
peak at ca. 1800 Hz. Calculated peak is approximately 20 dB lower as the reference
one. Plausible explanation could be once more found in improvised free-free boundary
conditions and very soft rubber mount which introduces high damping into the system.
6.2.2. One point connection - rigid mount
On the contrary a result in form of calculated source point mobility for the system
with rigid connection is very poor as expected. It was already explained that this
method requires a perceivable difference between coupled point mobility on the upper
and lower side of linking structure. It can be seen that even additional rotational degree
of freedom does not aid in the improvement of the calculated result.
Figure 6.17: Calculation of source point mobility from the source - receiver system
coupled with one rigid mount.
Based on the results from simulations and from this practical experiment it can be
concluded that this method in not useful for the systems where rigid coupling structure
connects source and receiver. As it can be seen, calculated and measured curves are
in disagreement through the whole frequency range, many additional resonance peaks
were calculated, yet they do not appear in the independent measurement and based
on this findings it can be concluded that simplifications and assumptions made at the
derivation process are not valid and therefore method does not work properly for this
case.
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6.2.3. Two points connection - resilient mount
It was shown that this method is working relatively well for the system connected with
one resilient mount, therefore another connection point was introduced and results are
presented in figures 6.18 and 6.19. As it can be seen the calculated curve tendency
nicely follows the reference one, but on the other hand the peak magnitude is false
already at the first natural frequency, and the deviance is even more obvious at the
second one. All that shows, that the assumptions and simplifications made at the
derivation process, especially for the force transmissibility, are not completely valid
and it can be properly expected that additional or wider coupling structure would lead
to even worse result in terms of calculated source point mobility. Similar as by the
result for one resilient connection also for two points connection an unwanted spike
appeared at approximately 200 Hz. It can be assumed that it is a consequence of
improvised free-free boundary conditions, especially as both of the plastic leads were
positioned nearby connective mounts to provide suitable and balanced position of the
assembly.
Figure 6.18: Calculation of source point mobility in connection point 1 from the
source - receiver system coupled with two resilient mounts.
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Figure 6.19: Calculation of source point mobility in connection point 2 from the
source - receiver system coupled with two resilient mounts.
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6.3. Simulations: In-situ blocked force method
Figure 6.20: Finite element model with one connection point.
To get acquainted with the method, its working principles and limitations, simulations
were done at first. The purpose of finite element simulations was to test the method
in ideal conditions. That means no noise was present, structure was excited in one
point (node) and not as a surface as in a real experiment. Same can be considered
for response measurement. Even coupling structures are connecting only one point on
source and receiver, exactly as the method was derived to (figure 6.20). In this chapter
a word measurement will be mentioned many times. Since we are describing results
obtained with finite element simulation it has to be clear that it refers to the simulation
and not to the real experiment.
In theory in-situ blocked force method should work very well, as no other simplification
or assumption beside system linearity and time invariance was made at the derivation
process. Nevertheless there are still some other issues connected with the method and
its application to the practice, therefore a test with FE simulation was done to detect
and evaluate them and in the next step try to find a solution and eliminate them or at
least reduce their effect.
To compare and evaluate results obtained from in-situ measurement (simulation), a
reference result is needed. A reference curve - source blocked force was obtained from
source free velocity and source point mobility - calculated by equation 2.17. To do
that, the free-free boundary conditions were established for a source structure and
free velocity and point mobility were measured in the contact point - where a receiver
structure will be applied during the in-situ measurement.
The in-situ blocked forces were calculated with the finite difference method described
in chapter 5.3.2.. The main goal was to check the practical limitations of the method
and investigate how important is the inclusion of rotational degrees of freedom when
calculating blocked forces and using them to predict a receiver structure response.
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Figure 6.21: Force, cross and moment mobilities.
In figure 6.21 source point force, cross and moment mobilities are shown. Mobilities
are calculated for different distances ∆v and ∆F on the beam structure with the length
of 600 millimetres (see figure 6.22).
As expected the distance between remote contact and theoretical contact point has an
important role when obtaining mobilities. As clearly seen, with the distance rising,
also the deviation between the reference and measured curve is increasing. Mobilities
obtained with the distance smaller than 0.33% of the beam length are relatively good in
comparison to the reference (directly measured - eq. 2.17) mobility, while the deviation








Figure 6.22: Distances ∆v and ∆F .
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6.3.1. Distance between remote and theoretical connection
point
In this section the effect of the distance ∆v between remote and theoretical contact
point on the accuracy of the calculated blocked force and predicted receiver operational
velocity will be shown. Length of source structure was 600 mm and the distance is
expressed in millimetres and in the percentage of length of the source.
Figure 6.23: Blocked force and operational velocity prediction using 1 DOF.
In figure 6.23 blocked force and receiver operational velocity prediction calculated with
only 1 degree of freedom can be seen. The correspondence between calculated and
reference blocked force is poor, same can be said for a receiver velocity prediction,
which is still acceptable with quite good correspondence in the resonance areas, but
due to the poor blocked force calculation, the modified on board validation - velocity
prediction with the different receiver structure would not give us satisfying results.
On the contrary results obtained with 2 DOF shown in figure 6.24 are relatively good,
there is some deviation due to the distance, but in case of receiver velocity prediction,
where the distance is shortened in the equation, the match between curves is almost
perfect and no deviation can be seen.
If we compare the blocked force curve with the operational velocity, it could be ex-
pected blocked forces to be of the highest magnitude in the resonance region, where
accelerations are the highest, but as clearly seen, that is not the case. If that would be
true, blocked force would have changed with attaching another receiver structure, but
we already know that it remains the same, because it is independent source property.
From figures 6.23 and 6.24, two important conclusions can be made. For the sake of
a good result we have to place the sensors as close as possible to the contact point
and ensure the distance ∆v is as small as possible. Quite on the contrary as by the
in-situ source point mobility method, here moment mobilities have an important role
and improve the results significantly. In further sections it will be tested whether this
was only a coincidence in this case or if it is valid in general.
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Figure 6.24: Blocked force and operational velocity prediction using 2 DOF.
6.3.2. Connection area
In this section effect of the size of the connection area on the accuracy of the calculated
blocked force and predicted receiver operational velocity will be shown.
With changing the section of the coupling bar element, also the Young modulus was
changed correspondingly in order to prevent our result from being affected by the
change in element stiffness.
Figure 6.25: Size of connection areas in millimetres.
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Figure 6.26: Blocked force calculated for different connection area sizes.
As it can be seen in figure 6.26 the result for calculated blocked force and predicted
receiver velocity is much better when using 2 DOF, especially in the resonance region.
On the other hand, if we take a closer look to the velocity prediction results for 1
DOF (figure 6.27) we can see, that there is no big difference in deviation between the
900mm2 and 150mm2 area. That was not the outcome we expected at first, but there
could be a plausible explanation for it.
Figure 6.27: Velocity prediction for 30x5mm and 30x30 mm connection area.
63
6. Results and discussion
First reason could be the fact, that we are calculating the response in the point 0 (figure
5.8) and if the points 1 and 2 stay on the same distance ∆r, no matter if the connection
area is changing the result for the middle point should be of the same ”quality”.
Another explanation is concerning so called ”wave length at the modal shape”. At
higher frequencies when the wave length is shorter, the connecting area could have
bigger effect, as the area could be split into two or more waves and therefore the
outcome of the finite difference method inferior. Poor blocked force calculation and
velocity prediction would surely be a consequence.
Normally smaller connection surface offers us a possibility to place sensors closer to
the theoretical contact point and therefore better results as shown in section 6.3.1..
6.3.3. Coupling element stiffness
Effect of the coupling element stiffness was one of the most interesting investigations.
During first simulations and real measurements concerning blocked forces it was real-
ized, that blocked forces obtained and predicted receiver velocity using only 1 DOF
were much more accurate in the case where rubber coupling element was between
source and receiver. That can be nicely seen in figure 6.28.
In case where rigid (steel) coupling element was connecting source and receiver the
result for predicted receiver velocity was much poorer as shown in figure 6.29.
Figure 6.28: Blocked force and velocity prediction in dependency to the coupling
stiffness - rubber mount.
At this point an important question appeared - why the change of coupling elements
causes such a deviation of result even though it should give us the same outcome, as
blocked forces are source independent property and should always be the same, regard-
less if we change a receiver structure.
It was found out, that due to the stiffer connection and operational forces acting on
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some distance from the middle point - causing ”operational” moments, rotational de-
grees of freedom have an important role and provide us with additional information
about the structure response and should therefore be also taken into calculation.
Figure 6.29: Blocked force and velocity prediction in dependency to the coupling
stiffness - steel mount.
6.3.4. Modified on-board validation
The following section is of great importance for proper validation of obtained blocked
forces. The results shown in upper sections were made as a part of on-board validation.
That means that the point of velocity prediction was somewhere on the same receiver
structure which was used for the blocked force calculation. In this section blocked
forces were used to predict the velocity with another (different) receiver structure - the
so called modified on-board validation was done (MOBV). This kind of validation is a
good indicator if calculated blocked forces are ”true”, as theoretically source blocked
force calculated from two different source-receiver assemblies should be the same.
As it can be seen in figure 6.30, the MOBV for the rubber mount works well also for only
1 DOF taken into account. The upper graph in figure 6.30 clearly shows that blocked
forces calculated from two assemblies with different receiver structures are the same,
meaning that the method is working well. It can be nicely seen that blocked forces
calculated with 2 DOF match almost perfectly with the reference blocked force. On
the other hand, deviation between 1 DOF and reference blocked force is considerably
bigger. Nevertheless, due to the soft mount and therefore low-importance of moment
mobilities the result for predicted receiver velocity shows a very good match with the
reference one. As already mentioned in section above, we assume that most of the
credit goes to soft mounting structure, which ”absorbs” a part of vibro-acoustic energy
transferred from source to a receiver. Therefore moments acting on a connection surface
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are smaller and have less noticeable effect.
Figure 6.30: Blocked force and modified on-board validation for a system with rubber
mount.
The opposite situation is visible for the case of steel mounts (figure 6.31). Blocked
forces calculated with 2 DOF show very good match with the reference one which is
also transferred to the MOBV, but on the contrary, the result including only 1 DOF
displays poor blocked force calculation and poor MOBV. In this case, where the steel
coupling structure is used, it is obvious that inclusion of rotational degree of freedom is
necessary for a sufficient accuracy of result in form of blocked forces and also velocity
prediction.
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Figure 6.31: Blocked force and modified on-board validation for a system with steel
mount.
6.3.5. Multiple connection points
Figure 6.32: Finite element model with two connection points.
Normally, each vibration source in the vehicle is connected to a receiver through more
than one coupling structure, meaning there is more than one way of the vibro-acoustic
energy transfer flow. To test the method and importance of rotational DOF inclusion
for the multiple connection points, a finite element model with two connection points
was built and tested with on-board validation and modified on-board validation.
As can be seen in figure 6.33 the OBV works well for the rubber coupling structures,
even though that is a system with more than one point and therefore we have to use
blocked forces from more than one contact point to calculate and predict the response.
There is a noticeable difference between blocked forces calculated with and without
rotational DOF. But as it can be seen for the MOBV in figure 6.34 the 1 DOF blocked
force coincides well with the 1 DOF MOBV blocked force from the system with another
receiver, resulting in a very good receiver response prediction. It can be concluded,
that valid blocked force calculation for the system with resilient mounts requires only
translational degrees of freedom to be taken into account. In the section 6.4. it will be
shown if this statement is valid only for the ideal simulation environment or also for
the practical measurement.
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Figure 6.33: Blocked force and on-board validation for a system with two rubber
coupling mounts.
Figure 6.34: Blocked force and modified on-board validation for a system with two
rubber coupling mounts.
During experimental part of this thesis, rubber and aluminium coupling structures
were used to test the method, therefore an aluminium coupling was tested also in the
simulation environment, to enable a comparison between the results.
68
6.3. Simulations: In-situ blocked force method
Figure 6.35: Blocked force and on-board validation for a system with two aluminium
coupling mounts.
Lower graph in figure 6.35 shows a much bigger deviation between reference and pre-
dicted velocity for 1 DOF as it was seen for the rubber mount. That is the consequence
of the poorer quality of the calculated blocked force using only 1 DOF. The force peaks
cannot be recognized and also the force result in mid range shows poor agreement with
the reference curve.
Blocked force calculated with translational and rotational DOF shows much better cor-
respondence to the reference in case of blocked forces as well as in case of operational
velocity prediction.
Due to the poor blocked force, calculated with only 1 DOF also the result for MOBV
is much worse than result obtained with calculation made for 2 DOF. The difference
between rubber and aluminium coupling structure is obvious and was also expected.
When calculating blocked forces for rigid or highly stiff mounts it is necessary to take
also rotational degrees of freedom into account if we want to get an accurate result,
especially using it to predict a response on some other receiver structure.
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Figure 6.36: Blocked force and modified on-board validation for a system with two
aluminium coupling mounts.
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6.4. Experiment: In-situ blocked force
To prove good results obtained with finite element simulations also a practical experi-
ment was done for similar source - receiver system with one and two connection points.
To connect the source and receiver structure two different coupling elements were used
- rubber and aluminium cylindrical couplings. At first hammer and operational mea-
surements were done on unmodified system. In the next step the same measurement
was done on a system with modified receiver structure to fulfil the needs for modi-
fied on-board validation. That was done with applying additional mass and changing
boundary conditions of the receiver structure - two stands with holding clamp were
attached to the receiver structure and in that way also some additional damping was
brought into the system. During all the experiments same operational excitation was
used executed by mini-shaker glued on the source structure.
Due to the nature of real experiment and therefore inability to make measurement in
the exact contact points, a finite difference method was used to obtain the transfer
mobility matrix.
Figure 6.37 shows source and receiver structure connected with a coupling structure.
For each blocked force calculation 8 remote points were used, 7 of them can be visible in
the figure below. Eighth and reference point, where the velocity for OBV and MOBV
was measured are positioned on the inner side of the receiver structure. Mini-shaker
used for simulating internal force excitation was positioned in the middle of the source
structure, between both mounts.
Figure 6.37: Test system for the blocked force measurement.
For all experiments a chirp operational excitation was used. The chirp duration was
0.3 s and its frequency range included values from 180 Hz to 3300 Hz. As opposed to
the simulations, a frequency axis was changed from a logarithmic to linear for a better
overview of the results.
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6.4.1. One point rigid connection
Figure 6.38: Scheme of assembly with one-point rigid connection.
In the chapter 6.3. it was shown that a rigid connection is more problematic when ob-
taining blocked forces and using them to predict the receiver response. This is a result
of the stiffer and wider connection causing the operational moments acting. This was
expected to be even more obvious when performing a real experiment.
Figure 6.39 shows the difference between measured and predicted operational velocity
calculated using only one (translational out of plane velocity) and two degrees of free-
dom (translational out of plane velocity and rotational velocity around in-plane axis,
which is perpendicular to the long beam edge - figure 5.7).
It can be seen that result obtained with 2 DOF fits very well to the reference curve,
especially in the frequency range between 200 Hz and 1500 Hz. Poorer result in higher
frequency range is a consequence of much lower velocity magnitude which is already
in the critical measurement range of sensor. The difference between highest resonance
peak and deepest anti-resonance peak is approximately 80 dB which is close to the
maximum sensor dynamic. Another factor interfering with the result is the excitation
hammer. It was desired to measure in as wide frequency range as possible, therefore
a middle hammer with metal tip was used. For better accuracy in higher frequency
range lighter hammer with sharper tip should be used. Nevertheless, despite those two
limitations, results are still reasonably good.
Similar could be said for the result calculated using only one degree of freedom. The
calculated operational velocity corresponds well with the reference one in almost whole
measured frequency range. That means operational moments do not have an impor-
tant role or are small enough to be neglected in this particular operational load case.
Later on it will be shown that result can be significantly different if we add another
connection point or if we change the position of the mini-shaker, therefore a reasonable
conclusion about number of DOF needed cannot be done yet.
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Figure 6.39: On-board validation for a system with one rigid mount.
It was already mentioned in chapter 6.3. that on-board validation is not always a
sufficient criterion for result evaluation as poorly calculated blocked force and poorly
measured transfer mobility could coincidentally form a good velocity prediction if the
same receiver structure is used. With this reason an on-board validation was done.
Figure 6.40: 1 DOF modified on-board validation for a system with one rigid mount.
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Figure 6.40 shows a MOBV for the calculation where only one DOF was taken into
account. As it can be seen, green and yellow curve lie almost one on another, which
means that source blocked force is valid as the same result was obtained from two
different systems. At the same time it was proven, that operational velocity prediction
for this case can be done reasonably well even if we take only one degree of freedom
into account. With the aim of reducing magnitude deviation and getting even better
agreement between predicted and measured curve we can use a rotational degree of
freedom when calculating the blocked forces. Improvement can be seen in figure 6.41.
Both OBV and MOBV curves fit nicely to the reference one. Deviance in resonance
range appears around 1000 Hz and rises with the frequency, but is still significantly
better than prediction using only one DOF.
Figure 6.41: 2 DOF modified on-board validation for a system with one rigid mount.
Definition of blocked force says it is an independent source property and therefore re-
mains the same, even if we change the receiver structure. Figure 6.42 is proving this
fact. Pair of curves for one or two DOF calculations almost coincides and also curves
for different DOF are fitting well together. All that proves that blocked force is really
receiver independent and therefore offers a good opportunity for source characteriza-
tion.
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Figure 6.42: Blocked forces for a system with one rigid mount.
6.4.2. One point resilient connection
Figure 6.43: Scheme of assembly with one-point resilient connection.
Based on the experience from simulation even better result in terms of OBV and
MOBV for the system including resilient mount was expected, especially for 1 DOF
calculation.
In figures 6.44 and 6.45 a very good velocity prediction can be seen, with small ex-
ception in frequency range between 1200 Hz - 1500 Hz and 2200 Hz - 2500 Hz. In
those two ranges a bit higher magnitude deviance can be noticed, especially for 1 DOF
calculation. In the figure 6.45 this phenomenon is considerably smaller showing that
inclusion of rotational degrees of freedom is important also when working only with
resilient mounts in the system, even thought it was concluded differently in the simu-
lation part of the work.
It can be seen that anti-resonances regions are the most problematic, where the struc-
ture response is weaker and noise has much bigger effect. One of the main reasons for
that could be the nature of resilient mount and noisy measurement as a consequence.
Due to the low-performance computer sound card, the chirp operational excitation was
not powerful enough and therefore too little of vibro-acoustic energy was transferred
through rubber mounts and lots of noise was captured. Same issue appeared also at
the transfer mobility matrix measurement. With second DOF taken into account more
information about the system response is obtained and therefore also better velocity
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prediction is possible.
Nevertheless both results for predicted velocity are extremely good, resonance peaks
are of the same magnitude in the whole frequency range of interest.
Figure 6.44: OBV and MOBV for a system with one resilient mount using 1 DOF.
Measurement could be improved with the use of 100 mV sensors and another oper-
ational excitation signal, either with chirp performed in narrower frequency range or
sinusoidal slow sweep signal, where the best results could be expected.
Figure 6.45: OBV and MOBV for a system with one resilient mount using 2 DOF.
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Figure 6.46 shows blocked forces for source-receiver system coupled with one resilient
mount. It is difficult do draw some parralels with operational velocity graph, as res-
onances in figure 6.44 and 6.45 cannot be recognized in figure 6.46. Similarly as for
the rigid mount, curves are close to each other for OBV as well as MOBV and that is
important, because it validates that source blocked forces are independent property of
the source and can be used to characterize it or to predict the response in combination
with any other receiver structure.
If we compare blocked forces from figure 6.46 with the blocked forces calculated on a
system with rigid mount, shown in figure 6.42 they should be the same, as they were
calculated for the same source structure. It is obvious that result for resilient mount
is much noisier as the result for the rigid connection structure but on the other hand
the tendency and magnitude are very similar, indicating that this is the true blocked
force - an independent source property.
Figure 6.46: Blocked forces for a system with one resilient mount.
At this point it is good to stress the importance of being aware that this experiment was
performed in laboratory on a very simple beam structure in almost ideal conditions.
Approach for similar measurement on a highly complex system with infinite degrees
of freedom would be the same, but would pose much bigger bite and therefore such a
good result would be plausible but doubtful.
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6.4.3. Two point rigid connection
Figure 6.47: Scheme of assembly with two-point rigid connection.
It was shown in 6.4.1. that valid blocked forces can be obtained precisely from the
system with one rigid mount, even if only one DOF is included in the calculation, which
is quite the contrary of our conclusion made based on the results from simulations. To
increase the complexity of the experiment another connection point was added, so that
transfer mobility matrix was of size 2 by 2 for 1 DOF calculation and 4 by 4 for 2 DOF
calculation.
Figure 6.48: OBV and MOBV for a system with two rigid mounts using 1 DOF.
By comparison with figure 6.40 it is obvious that the predicted velocity using only
1 DOF is not that accurate as shown in figure 6.48. Calculated curves follow the
reference one quite well in the range below 1100 Hz and above 2000 Hz. In between
the correspondence is poor, which can be seen in 15 dB to 20 dB difference between
both magnitudes. Visible magnitude deviance can be seen already by the first natural
frequency peak at 800 Hz where the predicted velocity is higher as measured and the
opposite can be seen by the peak at 1400 Hz.
A significant improvement can be recognized when 2 DOF are used for blocked force
calculation as shown in figure 6.49. There is almost no difference below 1200 Hz, where
also 1 DOF result is in good agreement with the reference one. However, in the range
above, curves obtained with 2 DOF fit better and magnitude deviance is smaller. This
example shows how important and useful are rotational degrees of freedom and at
the same time also a warning that they should not be neglected. For all that, the
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match is still not perfect or at least that good as the one obtained with the simulation.
That was expected as practical experiment brings many sources of uncertainty, starting
with exciting structure and measuring response in only one degree of freedom, finite
difference error and repeatability of the chirp excitations. Figure 6.50 shows blocked
Figure 6.49: OBV and MOBV for a system with two rigid mounts using 2 DOF.
forces in point 1, calculated for the source-receiver system connected with two rigid
mounts. In comparison to the blocked forces obtained for the system with only one
rigid connection shown in figure 6.41 the difference is quite obvious and it should be like
that. Adding another connection point reflects in totally different dynamic properties
of the system, therefore also response to the same excitation and blocked forces are
completely different.
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Figure 6.50: Blocked forces in connection point 1 for a system with two rigid mounts.
6.4.4. Two point resilient connection
Figure 6.51: Scheme of assembly with two-point resilient connection.
In chapter 6.4.2. an outstanding velocity prediction was shown for the system with
one resilient mount, calculated with only 1 DOF as well as 2 DOF. In this section
complexity of the model was increased by adding another resilient connection.
As it can be seen in figures 6.52 and 6.53 it does not change the result significantly.
Velocity prediction is still very good, curves lie almost one on another, already for
calculation with 1 DOF. Like by all the other 1 DOF calculations for velocity prediction
we can notice that deviation is the biggest in the frequency range between 1100 Hz and
1500 Hz. It it difficult to claim the reason based just on the upper few results, as sensors
and excitations were always on the same place and the only thing that changed was
coupling structure. Probably one of the modal shapes was not described well because
of unsuitable sensor position or any other reason connected with the measurement
equipment and their position.
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Figure 6.52: OBV and MOBV for a system with two resilient mounts using 1 DOF.
Figure 6.53: OBV and MOBV for a system with two resilient mounts using 2 DOF.
Result for operational velocity calculation where 2 DOF were used is shown in figure
6.53. The outcome shows a very accurate velocity prediction which is astonishing, even
though we expected a reasonably good result. In comparison to the results in figure
6.52 an importance of rotational degrees of freedom can be seen. In the range between
1100 Hz and 1500 Hz where 1 DOF prediction was poor, result for 2 DOF calculation
is accurate.
All of the above shows that measurement was done well, over-determination factor of
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size two is sufficient and finite difference method is suitable for inclusion of rotational
degrees of freedom.
Figure 6.54: Blocked forces in connection point 1 for a system with two resilient
mounts.
Figure 6.54 represents source blocked forces in connection point one. All curves, 1 DOF
and 2 DOF coincide well together. The force magnitude is noisier, but at the same
time more constant through all the frequency range as the blocked force magnitude for
the rigid mounts. This is critical but on the other hand intelligible and expected as it
is a consequence of issues connected with the surface and not point connection, weak
chirp excitation and high damping brought by two rubber coupling elements.
In ideal conditions curves in figures 6.54 and 6.50 should have been the same, as blocked
force is independent source property and therefore receiver structure or connection
mount as a part of receiver structure should not play any important role. In this
case it would be worth trying with another operational excitation, as for example slow
sinusoidal sweep. In that scenario a much better agreement between blocked forces
from different systems would be expected.
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The main purpose of this thesis was to get acquainted with and to test new, promising
in-situ methods for characterization of vibration sources. Nowadays widely used trans-
fer path analysis provides relatively good results, but is often very time consuming as it
has to be done for each source-receiver combination. In doing so, measurements on the
complete assembly as well as measurements only on a receiver structure are required.
With the aim to avoid unwanted complications and unneeded additional measurements
an in-situ method was preferred as there is no need to establish any special boundary
conditions.
For independent source characterization two different methods were introduced. In-situ
source mobility method describing source passive properties and in-situ blocked force
method, describing properties of a source when it is in operational state.
For a proper source characterization it is generally accepted that both, translational
and rotational behaviour should be taken into account. However, measuring or exciting
in rotational degrees of freedom poses a great difficulty and is therefore in most cases
neglected.
Moreover, measuring points have often limited access and therefore placing a sensor
or making an impact in these points is almost impossible. To avoid the difficulties
mentioned above a finite difference method is introduced to obtain source independent
properties in form of mobilities or blocked forces.
The finite difference method was found to be one of the most user-friendly meth-
ods, very straightforward to apply and giving sufficient results over the wide frequency
range. It also enables us to relatively easily apply the moment excitation or on the
other hand measure rotational velocities to built the mobility matrix.
When using this method it is necessary to place the sensors as close as possible to the
point of interest or a ”real” measurement point as the error is rising rapidly with the
distance between sensors, especially sensitive and problematic was found to be moment
mobility.
During this research, methods were applied and tested on 2D problems, therefore only
2 sensors for each point were needed. All real industrial problems are of 3D nature
and therefore at least 4 sensors per contact point would be needed. Using 4 three
axial sensors in each contact point means a lot of effort and even more data to process.
Explained on an example of a steering system where normally 3 contact points exist
between the chassis and steering, full characterization would require 18 by 18 transfer
mobility matrix where each matrix component (mobility vector) would be calculated
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from another 2 mobility vectors as described in chapter 5.3.2.. Explained with other
words, to obtain all this data and build the transfer mobility matrix, 36 measurement
channels would be needed. This is one of the biggest disadvantages of this method and
a good opportunity for further research or invention of a new method for measuring
and exciting in translational and rotational degrees of freedom as it was recently done
by Armin Drozg et al. in [18].
In-situ source mobility method was the first method described and evaluated in
this thesis. It is the method which enables us to calculate independent source or re-
ceiver mobility in the connection point, just from hammer measurements done on the
assembly, without having to know any of the coupling structure properties.
Already during the derivation process of the method it was noticed that method could
be used only for systems where resilient coupling structure is connecting a source and
a receiver structure. Method working principle is based on the mobility difference be-
tween upper and lower side of the coupling structure. If a rigid structure is connecting
source and receiver this difference would be infinite small, reflecting in enormous error
after the matrix inversion.
Method was investigated using simulated and practical experiment. Simulations showed
good usability of the method in case when resilient mount is used in assembly. More-
over, it was shown that the lower the mount stiffness, and therefore source is well
isolated, the better the method works. However in such case source point mobility
could be measured directly whilst installed and applying this method would not make
any sense.
In the development process of the method some important assumptions were made:
- force acting from source to the mount structure is the same as force acting form the
mount to a receiver structure - full force transmission
- introduced remote points are close enough to the connection points
- resonances of a mount are not in the frequency range of our interest
During simulations and experiments it was found out that assumption about force
transmissibility was too optimistic, as it is valid only in case of massless mount. More-
over, this method is derived for point connections. As in real world we are always
dealing with surface connections this poses another issue when using this method.
Bigger connection area can be explained as many small connection points through
which vibro-acoustic energy flow is travelling, but only one point is taken into account
when using this method. Therefore increasing the number of connection points results
in bigger error.
Another issue is connected with the second assumption described with equations 3.33
and 3.34. For the simple beam structure this simplification can be used, as receiver
remote points are relatively close to each other and therefore mobilities can be equated.
On the other hand, when working with a bigger, complex structure these mobilities
will differ significantly and could not be equated.
The method was tested with and without inclusion of rotational degrees of freedom.
It was shown that rotational DOF do not aid in the result improvement, even more, a
negative effect and result aggravation was recognized.
It can be concluded that this method can be reasonably used in cases where source
and receiver structures are connected over one or few low-stiffness mounts. Every ad-
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ditional point or stiffer mount will contribute to the poorer result.
In-situ blocked force method was introduced and described in the second part of
this thesis. It provides us with the source independent property when a source is active
- meaning it is in the operational state.
In the development process no other assumptions than system linearity and time in-
variance were made. Therefore the method can be used for every source - receiver
system, rigidly or resiliently coupled. Two different ways of performance are possible
for this method:
- in-situ, using only contact points
- in-situ, using receiver remote points
Due to the fact that access to the contact point is often limited, a remote point version
of the method was investigated. All measurements were performed in the fully assem-
bled state and as a result independent source property in the form of blocked force was
obtained.
The in-situ blocked force method was investigated with finite element simulations as
well as practical experiment. During the simulation phase, blocked forces were vali-
dated with the source free velocity which can be easily transformed into blocked force
by the equation 2.17. With this step it was clearly shown that blocked force is really an
independent source property and can in theory be obtained from in-situ measurement
on assembled source and receiver structure. When performing practical experiment,
on-board validation and modified on-board validation methods were used to evaluate
the result.
Blocked forces obtained for all tested systems were accurate, proving that valid blocked
force can be calculated also from the practical experiment, not only a theoretical one.
It was shown that in case where resilient mount is connecting source and receiver
structure only measurements in translational degrees of freedom are sufficient for an
appropriate blocked force calculation and operational velocity prediction. Results ob-
tained with translational and rotational degrees of freedom will definitely give even
better and more accurate results, especially when calculating the response with an-
other receiver structure (MOBV), but the difference is not that significant as in case of
a rigid mount. Here the application of translational and rotational degrees of freedom
is vital for a proper source characterization. It was found out, that due to the stiffer
connection and operational forces acting on some distance from the middle point -
causing ”operational” moments, rotational degrees of freedom have an important role
and provide us with additional information about the structure response and should
therefore be taken into account. That is of great importance especially when multiple
rigid mounts are connecting a source and a receiver structure.
Another very important factor for appropriate and reliable measurement is
over-determination factor. All the laboratory measurements were done with factor two
or higher, meaning the number of receiver remote points was at least two times bigger
as the product of all contact points with number of degrees of freedom used. For ex-
ample, if calculating blocked forces of an assembly with two contact points and 2 DOF
taken into account, at least 8 receiver remote points would be needed to achieve the
factor of determination two. When working with real industrial problems, this factor




Simulations and experiments shown in this thesis were done for 2 dimensional problems.
In real industrial world we are facing mostly 3D problems. This method is suitable
for both kinds, it only requires more effort, meaning the amount of sensors would be
bigger and the remote point positions would be different. When talking about the
remote points, it is important to set them on positions where best information about
the structure response can be obtained. Here experience is of great importance and
on the contrary, more remote points can be used to over-determine the system and
therefore to get more information about it.
One of the biggest issues in the process of blocked force calculation is the pseudo inverse
of transfer mobility matrix and as a result a numerical error is obtained. When work-
ing with huge amount of data a big matrix is a consequence. If measurements include
a lot of noise, a poor result from matrix inversion could be expected. Despite none
of the regularisation methods were applied in this thesis, it would make sense trying
to apply some, when measuring and calculating blocked forces for a complex system.
Investigating and implementing the Single value decomposition method or Tikhonov
regularisation method could help improve the result.
During this research regarding blocked forces another two important concerns worth
of further investigation appeared.
In the development process it can be clearly seen that the method was derived for
points (point connections, point excitations and point responses). Since we are always
dealing with surfaces, even if they are microscopic small, we can expect some error
based on this assumption. It was shown that when a coupling structure exist between
a source and a receiver it doesn’t pose a bigger problem as vibro-acoustic energy flow
still has to go through this coupling which is connected to a source or a receiver over
some relatively small surface. This surface could be also easily imagined as a little bit
bigger point. A bit more complex problem would appear when source is connected to
the receiver structure over larger surface and we would not be able to talk about point
connection any more. Can this method still be used in this case? This is one of the
most important questions and a good cue for the further research.
Second grain of doubt concerns transfer mobility matrix which is needed for the blocked
force calculation. As already mentioned, mobility is a passive property and is therefore
measured when structure is in non-operational state. On the contrary blocked force
represents an active source property and therefore describes source behaviour in its
operational mode. Mobility as a frequency response function can be considerably dif-
ferent if measured in passive or active state, as structure properties under load change
significantly. That is another topic worth of further investigation for a better under-
standing and application of in-situ blocked force method.
Overall it has been shown that active and passive independent source properties can be
obtained from in-situ measurement without disassembling the system or establishing
special boundary conditions. The blocked force method is especially promising and
could be used as an upgrade and a good replacement for widely used Transfer Path
Analysis, which is used for vibration source characterization, but still does not provide
us with independent source property.
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